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Foreword

This report is the product ofjaint British Geological Survey (BGS$)Environment Agency (EA)
study to assesshe vulnerability ofgroundwaterin relation to deepsub-surface hydrocarbon
activity (3D Groundwater Vulnerabilidyin England

Since the late 1980groundwater protectiomiEngland hadenefited froma series ofnational
groundwater vulnerability map These are now routinelysed to inform decisions around
allowing and/or managin@ctivities on or just below,the land surfacehat are potentially
polluting. The recent ineased interest ionshore exploration anexploitation ofthe deeper
subsurfaceand concerns about the risk to groundwaterhigislighted the fact thathe existing
groundwatewnulnerability assessment methodolofpcusessolely on risks fromhazards thiaare
abovethe groundwater that requires protection

Plans to exploit the deep sshrface, in particular for shale gas using hydraulic fracturing, have
attracted considerable public interest @ndcerns over the potential for these activities toeaus
pollution of groundwater. It is therefore essential that in considering any proposals for use of the
deep suksurface, tools and methods for assessing groundwater vulnerability and risk are fit for
purpose.

Hence,the aim of this projectwasto developa new vulnerability method that could addréiss
potential risks to groundwater from activities below, or at similar dépthgroundwater systems
(aquifers) that are currently used or have the potential to be used in the future. These systems are
those requiring protection under current EU and UK legislatido. this end wepresent a
methodologyalong withfive different hydrocarbon activitgase study exampldsom across
England The report describes how information carcbmpiled,interpretecand preented in order

to assesgshe vulnerability of groundwateand an indication of the risks associated with a
hydrocarbon development activity at a sifehe outputs are designed for ysénarily by those
needing to understanfetter the hydrogeological cdext of subsurface developmenthe
vulnerability of groundwater and the potential ridkss also hoped that the hydrogeological data
and methodology wilkid decision making angrovide impartial informationto inform public
debate

The report isnot designed to set out a formal wayhow information and modelling should be
used to reach regulatory decisioAsvider set of sitespecific information will be required for this
and this isoutside thescope of tbresearclpresented here
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ExecutiveSummary

This report is the product of a joint British Geological Survey (BGE)vironment Agency (EA)

studyto develop a methodology for attributing vulnerability of groundwater to pollution $rdm

surface oil and gas activities.fillows theUK Go v er n me n fobesvirapmeantdlisd i n e s
assessment and managen(®sfra, 2011). The methodology considers

1 hazards associated witthconventional and conventional oil and gas exploration, aedl b
methangCBM) and underground coal gasificatildCG);

1 nearsurface and deeper aquif@s receptors, including

0 groundwater thats currently used as a resource @mdsuppors surface water
flows/wetlandgdesignated groundwater bodies);

o other groundwter that could potentially be used in the future abirking water
resource ofor otherbeneficialpurposes.

From areviewof the location of hydrocarbon sources and groundwater in Engladdootential
contamination pathways, a prototype Tiefqualtative) ( @uidelines for Environmental Risk
Assessment and Management: Green Leaves@ibrmley et al., 20113creening methodology
has beerdeveloped to assess groundwater vulnerability andfmisk subsurface hydrocarbon
activities in threelimensionsat a sitespecific scaleThemethodologydentifiesand review the
potential risks to groundwater and prosdemeansof communication othe outcomes of the
vulnerability assessmer®utputs are intended fase byregulators (e.ghe EnvironmentAgency
and local planning authoritigsto supportenvironmental consultanedvising industryand the
public.

Thevulnerability and rislscreeningnethodologyis described in this repoand implemented in a
supportingspreadsheet tooA digital data package is also associated with this report for use with
the methodologyThiscompriesthe National Geologic Model (UK3D v2015) for England, which
can be viewed in LithoFrame Viewer softwai@ownloadablefree from the BGS website).
Application of hemethodologyhas beemlemonstratedsing generic case studies fréine areas
acros€England

The methodology is based on tHBRASTIC model (a standardized system to evaluate
groundwater pollution potential using hydrogeologic settitigs) usesn ovelay/index approach
to assess risk where there is insufficient data for detailed numerical mode#icty. component
of theassessmems described irdifferent sections atis report

1 Importanceand classificatiomf potential receptorgrock units containing groundwajer

1 intrinsic vulnerabilityof potential receptor&ue tothe geological characteristics of the rock
units between the hydrocarbon source rock and potential regeptors

1 specific vulnerability of the potential receptor§due tothe nature of the hydrocarbon
exploitation activity, driving head and intrinsic vulnerabiligy)d

1 risk goup of the potential receptors (the specific vulnerability combined witlpabential
receptor classification).

The framework for the assessment is a conceptual model for an Area of Interest (AOIl), i.e. the
area at the ground surface below which hydrocarbon extraction activities in tearfade may
impact groundwater. The spreadsheet tool can be used to guielepeent of the conceptual
model, and the vulnerability and risk screening process. The LithoFrame Viewer 3D model
comprises a series of geologic creggtions across England. As part of this project, each-cross
section has been attributed, where relevaith: a) potential hydrocarbon source rocks, and b)

1
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EA/BGS aquifer designations. This information provides a regional understanding of the 3D
spatial relationship between hydrocarlsmurce rockand aquifers.

Vulnerability and risk are assessed forgablogical units (potential receptors) in an AOI. The
potenti al receptors ar e, repessitinrp®gressavelyaéceeasimg f r
importance or value of groundwater according toBhevi r onment Agencyods a
schema ande UKTAG guidance on the maximum depth of groundwater bodies (UKTAG, 2011).
Evidence is also presented for decreasing water quality with depth and this factor is also considered
in the methodologyvith an option to reassign the class of the potential y@oe according to
groundwater quality (total dissolved solids (TDS)) where evidence exists. However, information
on water quality at depth is generally sparse.

To determine the qualitative risk group for each potential receptor (low, méohiunmedium

high or high) both intrinsic vulnerability and specific vulnerability have to be assessed. A
confidence level is also provided. This reflects the lowest of all confidence levels assigned to each
factor in the intrinsic and specific vulnerability assessméims risk groups and confidence levels

can be used to identify sites where further information is required.

The intrinsic vulnerability assessment considers the geological characteristics of the rock units
between the hydrocarbon source rock and a patergceptor(s) and their influence on the
contaminant pathways between source and receptor. The proximity of the source and receptor,
total thickness of low permeability mudstone in the intervening units and predominant
groundwater flow mechanism(s) aréansidered as part of the intrinsic vulnerability assessment.
Preferential flow paths such as faults, mine workings and existing boreholes acting as conduits can
allow contaminant transport over large distances in thesatface and therefore the preserof

these is considered rating and weighting is also attributed to each potential receptor for each
intrinsic vulnerability factor.

The specific vulnerability assessment combines the intrinsic vulnerability with the hazard
(contaminant pathway drivingorce introduced by the stdurface hydrocarbon exploitation
activity) and natural drivers for contamination (i.e. groundwater-geattolled flow).A hazard

factor is calculated from the potential impacts resulting from the hydrocarbon release mechanism
(i.e. permeability enhancement, pressure/temperature changes, depressurisation) and natural heac
gradients (assumed from source to receptor if there is no evidence to the cdaaaeyally, little
information exists about the latter at a regional saal® therefore a worsiase (precautionary)
scenario in which groundwater flows from the source to the potential receptor is assumed in the
absence of further information.

The methodology has been tested for scenarios where receptors would be considered to be in the
high or low vulnerability/risk groups according to the specific hydrocarbon activities and
geological situations considered. It has also been tesfe@ icasestudies from different parts of
England with different hydrocarbon source rocks/exploitation methods: conventional oil and gas
in southeast England, CBM in the East and West Midlands, shale gas in northwest England and
shale gas and conventional oil arebgn northeast England.

While there are differences in the technologies used and in geological settings, the case studies
demonstrate that contaminant pathways in thessuface from hydrocarbon activities can be
assessed using a common risk screerppgaach and parameter sets presented in this report. The
case studies also indicate that a methodology based on a Tier 1 assessment, is useful in assessin
and communicating risk and highlighting areas where additional information or process
understandingnay be important to improve risk assessment, management and decision making.
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1 Introduction

In principle, thee U6 s Wat er Framework Directive (WFD)
require that all groundwater is protected, though in the UK, groundwatked) which require
active management under legislation, are defined for aquifers down to a maximum deptmof 400
below ground level (bgl) (UKAG, 2011). Nevertheless, it is being increasingly recognised that
groundwater within rocks that are not traglitally considerednot considered to be a usable
resource and at a range of depths, malgo be beneficial to society and require protection.
Moreover, because of their nature, thipactsfrom contamination on such groundwater systems
may not be observddr a long time, araot easyo predict, and may not be possible temedia¢

in such instancesConsequently, anyleep potentially contaminating activities, such as the
exploration for and development pfinconventional hydrocarbons shoudd assessedsing a
risk-based approach. In this context, a Tier 1 methodakdgscribedn this reporto assess risk

to groundwater regardless of location (depth) and aquifer status, froexph@ationfor, and
development gfunconventional hydrochons. This is consistent with the UK Government
guidelines for environmental risk assessment and manage@Gent (ml ey e Guidelihes, 20
for Environmental Risk Assessment and Managent&rgen Leaves ll).

Onshore conventional hydrocarbon exploitatie long established in the UK but the last five
years tlere has been a renewed interdst particular,there has been increasing interest in
unconventional hydrocarbon extractiery. shale gas, coal bed methane (CBM) and underground
coal gasificatio (UCG),wherethe geologicaformationsrequiresome form of stimulatiorsuch

as hydraulic fracturingp release the gas/ollintil now, shale gas has received most attention in
England although exploration licences have also been granted for &&Mnne gas, in addition

to more conventional hydrocarbon resources. At the timeithgithe UK Governmenhas said
thatUCG is unlikely to go ahead in the near futuken up-to-date guide to the geologicunits

and areas that are currently licensedunder consideration for hydrocarbon exploration and
producti on can be f ound Oiloand Gad Authddti{web€ite v e r n
(https://www.ogauthority.co.uk/datgentre/datadownloadsandpublications/licencedata).

Hydrocarbonextractionmay impact the subsurface by introducing new chemicals (potential
pollutants), disturbing/mobilizing existing natural contaminants within rocks, or by changing the
permeabilitystructure of the rock (introducing new pathways). Thotsmgesepresent additional
hazardsvhich may impact groundwateuality. Hazardsto groundwatefrom development of
shale gas resources are summariseddigbvre (2017) anthclude contanmation flom spills or

leaks offluids at the surfacéconsideredhe most probable mechanism leading to groundwater
contamination)through eakingwells (the most challenging issue that might lead to groundwater
contaminatio or via subsurfae pathways from theource rockabout which there is ongoing
scientific debate)rhesubsurfacéazard is influenced by the exploitation technique, which differs
between hydrocarbon activities.

Groundwater may bevulnerable to contamination from theseubsurfacehazardsthrough
subsur f ac e Howqver,tdspie tiiesabundant literature emergiparticularly from

North Americathere remain great uncertainties as to the vulnerability of groundwater associated
with these pathways due to the influencetted geological ath hydrogeologicatircumstances
(Harkness et al., 2017)

Factorganfluencing vulnerabilityincludethe geologicaproperties of the rock between theurce
of contaminatior{thehydrocarbon sour¢ée. where the contaminants exist or are introduaad
the receptor of contamination(geological formations that contairgroundwaterand require
protectior), pre-existing fracture and fault networkand the stress regime

Another key factor impactinggroundwater vulnerabilitys the proximity of the soce and
receptor A joint BGS/EA project(iHydrogeology) mapped the vertical separation distances

3


https://www.ogauthority.co.uk/data-centre/data-downloads-and-publications

OR/18/12

between key shale units and principal aquifers in England and Wales (maps available at
http://www.bgs.ac.uk/research/groundwater/shaleGas/iHydrogeology.h{hdveless et al.,
2018 using the BGS GB3D model (Mathers et al., 2014). This showed large variations in vertical
separation between aquHshale pairs across England anles and even within basins. For
example, the separation distance between the Bowdhatk (thehydrocarbon source undf
interest in the northwest) and TriassiBandstone aquifalanges fronk 200 m to > 1,50@n. The
iHydrogeology project highlightetthe need for site specific assessraefitvulnerability and risk

This report describes a prototype, TiefGormley et al., 201)] site specifi¢ qualitative3D risk
screening methodology for potential receptor units (i.e. rock units that may contamul\geaier)

to hydrocarbon exploitation practicd$he methodology3DGWYV) has been designed to support
decision making anthe management of subsurface hydrocarbon actit@iesasurggroundwater
protection.

As far as possible, the framework is consisteiih the terminology and definitions used for
currentgroundwater vulnerability mappirgnd assessment todEA, 201h). The methodology
considers

Intrinsic vulnerability: Characteristics dhe intervening units between the potential receptor and
hydrocarbon source rock (such as separation distahazkness of mudstones and clagsd
geological pathways) which may influence potential receptor vulnerability.

Specific vulnerability: Intrinsic vulnerability *(nature of the hydrocarbon exploitation igity
(and associated processes impacting the subsytfédeving heads

Risk Group: Specific vulnerability andeceptor classificatiofi.e. perceived importance of the
rock unit for groundwater)

An overview of the vulnerability methodology provided first Factors influencing the receptor
classification, intrinsiczulnerability andspecific vulnerabilityare then presented with details of

the methodology scoring systemThe 3DGWV methodology is accompanied by a software
package containg; the 3DGWV Screening Tool Spreadsheet and the 3DGWV LithoFrame
Viewer 3D model and user guide. This report provides guidance on how to undertake the 3DGWV
screening and is intended to be used in conjunction with the 3DGWV Screening Tool Spreadsheet
andthe 3DGWYV LithoFrame VieweiLFV) 3D model

The methodology is only concerned with risks to groundwater from hydrocarbon activities in the
subsurface and does not include any considerations of either the effects of surface spillages or the
integrity of baehoks whichare dealt with through surfacearsurfacegroundwatewulnerability
assessmertbolsand drilling regulationlt is designed to be used part ofa dynamic assessment

which shouldbe upgraded when additional information becomes availal#ach site. The risk

group classificationsare preliminary andusedfor illustrative purposesand will be reviewed in

the light of comments receiveds will the scoring of the parameters within the assess@ase
studiesn Appendix7 demonstrate theffectiveness of the method and gltential use of the risk
assessment.
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2 Vulnerability screening methodology

The 3D groundwater vulnerability screening methodolmgyEngland(3DGWV) is designed to
assess thimtrinsic and specifivulnerability andassgn arisk groupto potential receptorselated

to hazards associated with conventiooainconventional hydrocarbon exploitation activities in

the subsurfacdt is a prototypeTier 1, qualitative risk screeningiethodwhich can be used to
identify wheher or not a more detailed assessment is needed to aid risk prioritisation (see
https://www.gov.uk/guidance/groundwaigsk-assessmesfbr-your-environmental

permit#history.

A risk group is attributed to each potentmlbsurfacereceptor (rock unit) in a geological
sequence. Té risk grouptakes into account the importance of the receptos, intrinsic
vulnerability of the receptorand the nature of the hazar(specific vulnerability) As far as
possible, the framework is consistent with the terminology and definitions insedrrent
groundwater vulnerabilitpssessment framework for Englaiaah, 20174):

Intrinsic vulnerability (1V): considers gologicalfactorsrelated tahe intervening units between
the potential receptor and hydrocarbon source rock (such as separation disizstene and
clay thicknessaind geological pathways) which may influence potential receptor vulnerability

Specific vulnerability (SV): is Intrinsic vulnerability * nature of the hydrocarbon exploitation
activity (and associated processes impacting the subsurface) * driving heads.

Risk Group (RG): Specific vulnerability and receptor classification (i.e.cedred importance of
the rock unit for groundwater).

Since this isa Tier 1 methodology{Gormley et al., 2011)ikelihood and impact (standard risk
factors) are not quantified but araccounted for implicitly in the nature of the hazafthe
methodologyaccounts forpotential contamination to groundwater frapecified hydrocarbon
source unitsn the subsurface only. It does not pertain to potential contamination from above
ground sources specific drilling practicesor infrastructure (e.gborehole intgrity) failure.
However, if a borehole is known to be leaking from a specific depth, the method can be applied to
assess the vulnerability of receptors to contaminant relemsehis point.

The methodology has been developed in the context of currembemental regulations for
England, including (but not limited to):

1 TheEA position statement on UCG, CBM, shale gas extraction and for oil and conven
gas exploration and extractibonh at  motmallyw objedt to BCG, CBM or shale gas
extractioninfrastructure or activity within a SPZ1. This includes subsurface SPZ1 area:
which are confined by impermeable strata at the suifangtside SPZ4, theEA will also
normally object when the activity would haveiann accept abl e ef fec
(Table 1in EA, 201D);

1 the Infrastructure Act (2015) prohibits high volume hydraulic fracturing at depths of less
than 1000 mbelow ground level (bgl)The Onshore Hydraulic Fracturing (Reoted
Areas) Regulations (2016) extends ti0id200 m bgWithin protected groundwater source
areas

1 drilling is controlled under the Environmental Protection Act (1990), through which
protection is emphasised for groundwater that is currently used as a drinking water
resource. Best Available Technology is expecteddtept groundwater where drilling or
operation of boreholes passes through a groundwater resource (EB).2017

It is stressed that the risk group boundaries identified ly sbreening methodologgre
preliminary based on professional judgmeandareexpected to be revised with further review,
testing and increasing scientific evidenceherefore, t is not recommended thtte initial risk
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screeningpe usedon its own for site specifidecision makindpy regulators, but tht it be used to
help guiddurther investigations. Where theeea lack of data for developinganceptual model,
either further research/investigation should be undertaken to address the knowledgetbaps, or
should be identified as areas lnfjh uncertaintywherethe precautimary principle Bould be
applied inassessing the needs foptectinggroundwater quality.

2.1 APPROACH

The methodology uses an ovevlagexapproach similar to the DRASTI@ethod, sstandardized
systemmodelto evaluate ground water pollution potentiging hydrogeologal settings (Aller

et al., 1987). Overlay/indexing approaches are used as an alternative to detailed numerical
groundwater modelling, when theage insufficient quantitativedata. In DRASTIC, parameters
which are considered to be influel to the overall vulnerability of groundwater from surface
activities are combined. Each parameter has a range of possible values, indicating the degree to
which that parameter protects or makgeundwater vulnerable in a region. Overlay/indexing
metlods are relatively easy to implement, using readily available alata large areas, and
typically produce categorical results (Focazio et al.,, 2002). DRASTIC and other related
approaches have been very widely uggdgu and Dassargues, 2000a; Kumar et al., 2015; Shirazi

et al., 2012) Other approachesvhich take intoaccount preferential flow pathwaysave been
considered for karst emaenments e.g. EPIK, Pl and C@Rndreo et al., 2009; Doerfliger et al.,

1999; Gogu and Dassargues, 2000btdScheider, 2005; Vias et al., 2006)

To date, he majority of published overlay/indexing models for hydrocarbon exploitation have
been develped to assess the risks to groundwater from the surface aspéwsievelopment
These include gas exploration in the Karoo B&Kiaroo GroundwateExpertGroup, 2013)tar

sand extraction in Nigeri@juri et al., 2010)open cast removal of oil shale in Jordsilohammad

et al., 2016) coal mning in India(Tiwari et al., 2016)tight petroleum exploration in Quebec,
CanadgRaynauld et al., 2016j}ight shale exploration in Ohi@hompson, 2012and shale gas
development in South AfricAVorleyParsons (2013)eveloped a methodology to assess the risk
to groundwater and related receptors from the exploitation of coal seam gas (or CBMA using
hybrid approach within a sourigeathway receptor risk model combining an overlay/index
method with a procedsased modeA number olsource hazards were identified aimk$ between
these and thgpathways and receptors were then separately assessémtioprioritisation.Each
pathway and receptor factor was weighted, rated and satadr extraction and gas migration
were considered to be the most significant hazards, togethefiweithbathway factors anthree
groundwatermreceptors. Application fothis risk mapping to each of the individual coal seams
enabled identification of seams which presented the greatest risk to groundwater and its receptors.

The 3DGWV screening methodology comprises a series of steps, beginning first, and most
importantly,with the conceptual model of the deep to shallow hydrogeological system for the full
3D footprint of the proposed hydrocarbon activity, below the Area of Interest (AG¢) AOI is

the area at the surface below whsttp-surfacehydrocarbon extraction acitiescould potentially
impact groundwaterThe AOlincludesall boreholedateralsand cavities createas part of the
extraction proces#n addition to a 2 km buffer zone.

The vulnerability screening should be carried outefeerygeological unitor potential receptor,
between the hydrocarbon source unit and the surface or, if the proposed activity is < 1200 m below
ground surfaceto a depth of 120@n, including units below the proposed hydrocarbon activity

The exact resolution of units is depention the region, information available and purpose of the
screeningdHydrocarbon sourceurit r ef er s t o the rock unit fro
be extracted, i.e. for conventional oil and gas, the reservoir storing the hydrocarbon, rather than
the original source of the hydrocarbons. For shale gas and CBM/UCG the source rock will be the
shale and coal units respectively.
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The potential hydrocarbon source unit rocks and aquifers can be displayed D@&w&V
LithoFrame Viewer 3D modeThe LithoFrame Viewer 3D model comprises a series of geologic
crosssections across England. Each cresstion has been attributed, where relevant, with; a)
potential hydrocarbon source rocks, and b) EA/BGS aquifer designations. This information
providesa regional understanding of the 3D spatial relationship between hydrosaudroe rock

and aquifers. This canthenbe used to aid development of the conceptual model. Additional
sources of information should also be utilised, where available, agsaulil this document.
Confidence limits are explicitly recorded as part of the assessment process and should be taken
into account when reviewirgpecific vulnerabilityscoresand risk grouping In AOIs where there

is a high degree of geological variatyiliand/or uncertainty regarding the conceptual model, a
number of potential geological scenarios maybssible and so each shoulddssessed in order

to understand the sensitivity to changing parameters. As the site is investigated further, the
screenig can be refined with the additional knowledge, andertainty reducedrl he stagesof

the assessment process are outlmEdwin Figure2.1 anddescribedn full in Table2.1to Table

2.3. An example is presented Appendix1.

Classification of the importance of potential receptors (PR)undertakeror all unitswithin the
geological sequence, according to EAigepudesignations and evidenfmwr groundwater quality.
These are classified as A to D, representing progressivedr ialue groundwater.

Intrinsic vulnerability (I ntV); assessment of the intrinsic vulnerability of each potential receptor
to the proposed hydrocarbon activity. Parameters relating to key factors (affidctau)
influencing intrinsic vulnerability (e.goroximity between hydrocarbon source unit and potential
receptor) are provided with a parameter ratinyy €ach subfactor is weighted according to its
perceived influence on vulnerability JwAn overall score for each subfactor is calculatgav().

The confidence leves$ also recorded for each stdxctor.

The scores for each subfactog\fry) are then added together to obtain asmrall intrinsic
vulnerability( V = BEwx)) for each potential receptor in the geological sequence

Specific vulnerability (SpecV); hazardfactors are ranked accordingtte nature othehazards)
resulting from the hydrocarboactivity and contaminantelease mechanism {Hand local
hydraulic gradier(s) or driving forcgs) (H2). The rankings are not weighted; &hd H are both
multiplied with theintrinsic vulnerability

Risk group (RG); the receptor classification and specific vulnerability scare combined to
assignpotential receptors dsw, mediumlow, mediumhighor highrisk, accoding toTable2.4.

Intrinsic Specific i
- Risk Grou
vulnerability ‘ vulnerability score ‘ P
score RG = SpecV &
SpecV = IntV * H PR g
INtV = x W, V2 6V, *H2

Geologicalfactors, pathways
(V1, V2€ V; =rating *
weighting for each factor)

Nature of activity
(Hy) * Driving
head (H)

Potential receptor
(PR) classification
AtoD

Figure 2.1 Flow chart showing the screenig process (full process imable 2.1 to Table 2.4)
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Table 2.1 Receptor classification (Classifications are currently preliminary ).

RECEPTOR CLASSIFICATION

Potential receptor classification

EA aquifer designation and depth to top of

Total dissolved

unit below surface solids (TDS)
A Principal aquifer < 400 m < 1000 mg/I
B Principal aquifer 00 m, secondargquifer 10003000 mg/!
<400 m
C Secondary aquifer > 400 m 3000-10,000 mg/I
D Unproductive > 10,000 mg/I
Table 2.2 Hazard ranking. (Ranking is preliminary ).
HAZARDS

]|¢—|azard Hazard parameter Ranking | Weighting Confidence Maximum
actor (n (w) score

Permeability enhancement and

increase in pressure and 5

temperature (UCG)

Permeability enhancement from

high volume hydraulic fracturing 4
Release (e.g. shale gas)
mechanism| Permeability enhancement from
of low volume hydraulic fracturing H 5

: . | 3

hydrocarbo | (e.g. conventional oil and gas wi
n (Hi) hydraulic fracturing) N/A

Water table lowering and >

depressurisation (CBM)

No permeability enhancement

(passive) for conventional oil anc 1

gas.
Head Head gradient from hydrocarbon 5
gradient source to receptgor unknowr) L MorH 5
driving No head gradient from 1 '
flow (H2) hydrocarbon source to receptor
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Table 2.3 Intrinsic vulnerability . (Rating and weighting arepreliminary only).

INTRINSIC VULNERABILITY

receptor unit

Assessment for intervening zone between top of hydrocarbon source unit and base of the potenti

mudstone or
clay

Intrinsic Intrinsic Intrinsic
vulnerability vulnerability vulnerability Rating | Weighting Confidence Maximum
parameter (N (w) score
factor subfactor
range
Proximity of Vertical >1200 m 1
hydrocarb_on separation of 9001199 m 2
source unit and | hydrocarbon
potential source unit | 600-899 m 3
receptor and potential| 400599 m 4
15 MorH 12
receptor 300399 m 5
200299 m 6
100199 m 7
<99 m 8
Lateral > 2000 m 0
separation of['190 t0 1999 m| 1
hydrocarbon
and potential | 200 to 499 m 3
receptor <199 m 4
Mudstones and clays in >250 m
intervening zone between mudstone or 1
hydrocarbon source unitand | clay
potentialreceptor >100 m
mudstone or 2
clay
>50 m
mudstone or 3 35 M or H 17.5
clay
>20m
mudstone or 4
clay
No intervening
strataor<20m 5
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Assessment for intervening zone between top bydrocarbon source unit and top of the potential receptor unit

Sub- Rating Weighting ) Max
Factor factor Range " W) Confidence score

Only units designated 'Unproductive
Strata' by EA

> 50 % principal or secondary aquifers
(EA designation) with intergranular flo 1

0

(e.g. sands)

> 50 % principal or secondary aquifers
Groundwater flow | (EA designation) fractured, poorly 3 M or H 9
mechanism connected or mixed fracture and

intergranular flow (e.g. well fractured
sandstones, multayered Carboniferous
rocks)

> 50% principal or secondary aquifers
(EA designation) fractured, well 3
connected (e.g. limestone)

Faults not known in the area of interest 1

Known faults within 2 km of the
hydrocarbon activity

Faults Known faults within 0.5 km, or 4.5 L,MorH 18
transmissive fault within 2 km of the 3
hydrocarbon activity

Faults known to be transmissive within (
km of the hydrocarbon activity

No potential solution features

Potential for solution in evaporite miners 1

Solution : _
features | Potential for karst or known solution 5 2 LorM 6

Prefer features in evaporite minerals

ential Known karst features in area of interest 3

flow
path
ways

No known mine (and assumed to be
absent) within 2 km of maximum lateral
extent of hydrocarbon activity, or 600 m

Anthrop- vertically

ogenic Known mine within 0.82 km of the
features | maximum lateral extent of hydrocarbon 1
mines activity, and/or 600 rvertically

Known mine within 0.5 km of the
maximum lateral extent of hydrocarbon 2
activity, and/or 200 m vertically

No known boreholes (and assumed non
Anthrop- | present) within 600 m vertically or 2 km 0

ogenic laterally ofhydrocarbon activity
features : — 4 M or H 8
borehole | Known boreholes extending to within 60,

s m vertically, and/or 02 km laterally of 1
hydrocarbon activity
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Known boreholes extending to within 20
m vertically, and/or 0.5 km laterally of 2
hydrocarbon activity

TOTAL 98.5

Table 2.4 Risk groups based onpotential receptor classifications andspecific vulnerability
scores Note: dassifications arepreliminary .

Specific vulnerability score
Potential
receptor < 250 250500 500-750
classification

A Medium/Low | Medium/High
B Low Medium/Low | Medium/High
C Low Low Medium/Low | Medium/high
D Low Low Low Low

2.2 DEVELOPMENT OF A GEO LOGICAL CONCEPTUAL M ODEL

Key to the screening methodology is tldevelopment of a conceptugeological and
hydrogeologicamodel of the proposed hydrocarbon extractionasiig surrounding arg&igure

2.2; Appendix 1) Thisis usedto informthe classification of the importance of potential receptors
(Sectiond), intrinsic vulnerability Sectiond4) and specific vulnerabilitySection5). In the mode|

all units across the footprint of tirgoposedhydrocarbon agvity and within 2 km of the lateral

extent of the hydrocarbon infrastructure (e.g. lateral and deviated boreholes or cavities), i.e. the
0Area of |,shoddrbeidentified( AOI )

The 3DGWV LithoFrame VieweflLFV) 3D model, in conjunction with theDGWYV screening

tool (in associated digital mediagan initially be used to guide this processl identify aquifer
designations and hydrocarbon source ufiitsadditionto otherdigital medig. The LFV model
comprisesl95intersectingcrosssectionsabaut 20 to 30 km apareindthereforeis not a full 3D
volume.However,it gives a good general indication of the stratigraphic sequence at a specific
location alongor close tothe lines of sectionWherethe closest crossectionis some distance
away flom the propoggsite care must be taken asnay not be representative of the geological
successionn these cases other information should be examined. Additiona#ytodcthe vertical
exaggeration of the 3D sections provided as part of the accompadriihprojectsectionsare

likely to be more accurate in the vertical direction than in the horizontal.

The modelis based on 1:625 000 scale geological mapping and hbeoe has beesome
generalisationMost geological units in the model are identifiat the group levelvhereas the
original aquifer designation was carried out at 1:50,000 scale (formation or memberawle)
only for units that occurred at the ground surfa@mnilarly, potential hydrocarbon source and
reservoir units refer only tparticular formations within a group, but the whole group will have
been identified as such in the mod&bpendix2). Where available, more sipecific information
should be obtained from regiorgdologicalguides, memoirs, borehole logs and geophy/focss,

as detailed in the Oteimproveteeonceptualsiefmodelmat i on 6

As part of this procesgeological faults and structure should be identifigds important to
understand the location and hydraupoopertiesof geological faults and the uncertainties
associated withtheir precise position at the surface as well as at depth. Howbeee are
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significant uncertaintiesegardingthe spacing and character of faulting at depth in the UK
(Monaghan, 2017). Faultse notcurrentlyindicated explicitly on the 3DGWV crosgctions in

the LFV, although larger ones can be identified by ¢theiousoffset of beds. &ults are often
portrayed as a single line on geological maps whenmeasality, they consist of zonesf several

tens of metres, or greater, in width, containing several fractum@gault rock Whether or not

small faults are shown on geological maepends on the map and fault scéhe, presence of
superficial deposits (since the presence of thickrigps deposits overlying bedrock strata make

it more difficult to accurately map the surface expression of faults), the date of the mapping, the
lithology and thickness of the formation affected and also the economic importance of any
minerals associatedith the rocks. For example, historically more faults have been mapped in the
Coal Measuresdue to the effedhateven small throwsanhave on the underground mining of
coal seamdraults are also occasionally recorded in borehole logs.

If there is sgnificant geological variability across an AOI, either the most sensitive location
or a number of locations could be used for the vulnerability/risk scigenin

Principal aquifer
Potential
receptor A

Hydrocarbon well

econdary aquifer
Potential
receptor B

rincipal aquifer
Potential
receptor A

0€0m — — @ — @ — — _— e —_- —_ e —_ M —_ = = = -

Unproductive
strata
Potential
receptor D

Potential 1

receptor C

Principal aquifer Lateral well Lateral well

Potential S

receptor B Hydrocarbon source unit

Secondary aquifer /

HS Horizontal Separation } |
VS Vertical separation 5km

Potential receptor Thickness (m) % Mudstone Groundwater flow

A 67 25 Intergranular

B 67 75 Fracture

C 67 25 Intergranular flow
D 300 100 NA

Figure 2.2 Schematic conceptuaimodel. VS is the vertical separation and HS is the
horizontal (lateral) separation. The pink unit is the hydrocarbon source unit. Purple
indicates units designated as principal aquifers by the EA and yellow secondary aquifers.

Not to scale.
Sources of irdrmation
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1 Crosssections in 3BDGW\M.FV 3D model, faults can be identified from offset lithologies
(see above for caveats relating to this model)

1 Shale/ aquifer separation maps
http://www.bgs.ac.uk/research/groundwater/shaleGas/aquifersAndShales/maps/separatio
nMaps/home.htm(BGS, 2014).

1 Mapped faults and crosections on the scanned geological maps at a range of scales
(1:50 000 and 1:10 000):50 000 maps awrecessible from the BGS maps portal
http://www.bgs.ac.uk/data/maps/home.h{BGS, 2017h)

1 Geological memoirand regionaguides(for thickness variations, depth and faults)
http://www.bgs.ac.uk/data/publications/pubs.cfc?method=listResults&topic=RU&series=
RG&pageSize=100&BGS, 2017c)

1 Nearby boreholes (for thickness variations, depth andsomcally faults). The locations
of all known boreholes over 400 m depth are shown iBB@WV ArcGIS layer
(including those held confidentially). The depth and logs of all open access boreholes can
be viewed via the BGS Geology of Britain viewer:
http://mapapps.bgs.ac.uk/geologyofbritain/home.iBBS,2018) Some logs are held
as Omanagement protectd and although not
request. Informatio for hydrocarbon (management protect) boreholes are available via
t he Oi l a n d (26EpvebAitenttds:owwiv.boaudhsrity.co.uk/data
centre/acces®-informationandsamples/Information for water (management protfgct
and other (management protect) boreholes are available on request from BGS or may be
available to the EA from other sources. Other confidential boreholes included in the layer
may also bewvailable to the EA on request to BGS.

1 Legacy coal mine plarfsom the Coal Authorityare likely to have information on the
location of fwlts where they are available

1 water (management protect) boreholes are generally for public water supply and will be known
about and licensed by the Environment Agency.
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3 Receptors

Groundwater and designated groundwater bodies are potenhshminationreceptors and
understanding their designation and current practices related to their protection is essential in
developing an effective 3D vulnerability methodologheE UG s Wat er Framewor
(WFD) and theassociatedGroundwater Diretive (GD) are cornerstones of groundwater
governance in EnglandAs transposed by the Environmental Permitting Regulatitdrese
Directivesestablish a seried environmental objectives for groundwater that inclpdeventing

or limiting the inputs of wllutants to groundwater and ensuring that groundwater bodies achieve
(and maintain) goodhemical and quantitative status In England, responsibilityefgulationof
groundwater and itanagemerdnd protectiofirom any potentially polluting activitysithe remit
oftheEA. Th e Age n c ytobthisisoptimedinahe documedi he Envi r onment
approach to groundwater protection ( EAR). 2017

Groundwater bodiesre groundwater management unithey exist withinaquifers and are
definedwithin aquifers or contiguous aquiferstian whichthe groundwateresides. Delineation

of groundwater bodiesakes into accountgeological boundariegyroundwater flow divides,
pollution/abstractionpressurs naturalchemical variations. UK guidance ikat groundwater
bodies would not extend belowdepths greater than 400rexcept where management and
protection is required at greater depths, i.e. WFD status and trends objectivegopkG,
2011) However all groundwater, regardless of depth or gyaliequiresprotection from inputs
of pollutants, unlesthe groundwater can Ishown to be permanently unsuitablis is because,
for examplegroundwater at depth could be part of a pathway for pollutants to travel to designated
groundwater bodies, for which particular protective measures might be reduiraddition,
groundwater at greater than 400m deqathld be consideedfor protectbn because oits value as
mineral waters, cultural value, or potential for future use.

Considerations of groundwater quality may also influence decisions regarding groundwater
protection and the development of a 3D vulnerability methodolGggundwater quétly (total
dissolved solids or TDS) data to a depth of nearly 2500 m for England show a lower TDS bound
which decreases in quality (increases in TDS) with depth. Howewemost depthsTDS
concentrations ranging up to three orders of magnitude, andtuatathat potable water (TDS <
1000 mg/l) exists at > 400 m bgl in pla¢8gction 3.3.1 This limit also does not take into account
potential future uses for groundwater with a range of qualities and technological develofiments.
is also well known thatdeep groundwater flow systems connect to the surface and feed
strategically important springs used for recreational purposes (e.g. Bath Spring) and bottled waters.
Therefore a practicalframework for protection of deep (> 400 m bgl) and brackish wéiess

been foundo belacking.

This chapter reviews the policies for the protection of groundwat&ngland including the
associated practicahd regulatorguidance, and assessesshéability of current definitions for

vertical and lateral extenf aquifers in England. These definitions are considered in the context

of deep groundwater quality data for England and the need to protect deep groundwater systems
now and in the future. International best practices are subsequently dismdsiedailpresented

in Appendix 3. The resulting classification of receptors based on their importance is then
presented.
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3.1 CURRENT EA PRACTICE RELATED TO THE PROTE CTION OF
GROUNDWATER IN ENGLA ND

The following is a summary of aspects of two key (though not the) dily Directives and
guidance on their application to groundwater that have a bearing on the definition of the 3D extent
of groundwater systemBurther information is included in Appendix 3.

3.1.1 Overview of EU Directives and guidance

3.1.1.1THE WATER FRAMEWORK DIRECTIVE AND GROUNDWATER DIRECTIVE

Directive 2000/60/EC (EC2000), adopted in October 2000, and referred to as the EU Water
Framework Directive or simply the WFD, established a frameworkdormunity action in the

field of water policy, including policy retad to groundwater. Directive 2006/118/EC (EC, 2006),
known as the Groundwater Directive, was developed in response to requirements of Article 17 of
the WFD and sets groundwater quality standards and introduces measures to prevent or limit
pollutants enteng groundwater.

For groundwater, the key environmental objectives of the WFD, as described in Articles 4.1.b.i.
and 4.1.b.ii., are for Member States to:

Ai mpl ement the measures necessary to pre
groundwater andtpr event the deterioration of the
and to fAprotect, enhance and restore all/l
abstraction and recharge of groundwater, with the aim of achieving good groundwater
statusattheelt est 15 years after the date of ent

The WFD sets out steps and a timeframe for achieving good quantitative and chemical status
(outlined in Appendix 3pf European waters, including groundwater. As part of this process, the
WFD requires Member States to define and identify groundwater bodies within Risier Ba
Districts and to report to the European Commission (EC) on the status of these bodies. The
following groundwaterelated definitions are set out in the WFD.

Groundwater is defined in the WFD in Article 2.2 as

fnal l water which is below the surface of
contact with the ground or subsoil 0.

In Article 2.11anaquifer is defined as

fa subsurface | ayer or | ayers of rock or
permeability to allow either a significant flow of groundwater or the abstraction of
significant quantities of groundwater 0;

in Article 2.12 a body of groundwater groundwater body is defined as a
Adi stinct volume of groundwater within an

As a precursor to establishinpestatus of a GWBthe WFD requires member states to undertake
an initial characterisatiofrisk assessmentf all groundwater bodies

Ato assess their uses and the degree to w!
for each groundwater body wunder Article 4

It requires member states to identify the location and boundaries of gratandwodies, the
pressures to which they are liable, the general character of overlying strata from which the bodies
receive recharge and groundwater bodies for which there are directly dependent surface water
ecosystems. It also notes that Member Statag group groundwater bodies together for the
purposes of this initial characterisation.
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Annex 2, section 2.2 of the WFD sets out the requirements of further characterisation of
groundwater bodies, or groups of bodies, which have been identified as treskgoased on the
initial characterisatioAppendix 3)

In addition, Annex 2, section 2.4 of the WFD requires member states to review the impact of
changes in groundwater levels and to

At dentify those bodies of getohbespewfeduader f or
Article 4 including as a result of consideration of the effects of the status of the body on:
(i) surface water and associated terrestrial ecosystems; (ii) water regulation, flood
protection and land drainage; and, (iii) human deyelme nt o .

Similarly, Annex 2, section 2.5 requires member states to review the impact of pollution on
groundwater quality and to

At dentify those bodies of groundwater for
Article 4(5) where, as a result dfe impact of human activity, as determined in accordance
with Article 5(1), the body of groundwater is so polluted that achieving good groundwater
chemical status is infeasible or dispropo

After the WFD was adopted Common Implemeation Strategy (CIS) (EC, 2001) was developed
and agreed in May 2001. This setut a common understanding of approaches to, and
implementation of, the WFD, and provided a series of examples of best prabtges detailed

in Appendix 3.

3.1.2 Implementation in England

Allen et al (2002) describe the interpretation of the WFD and outline procedures used by the EA
to undertake the initial delineation and characterisation of the groundwater bodies to meet the
requirements of the WFD. The print@pset out inAllen et al (2002) included the following key
observations, that:

Athe delineation and characterisation of
for example, only simple conceptual models are required at first in order to delineate the
groundvater bodies, becoming, where required, more sophisticated (and expensive) as the
characterisation process proceeds. lteration also allows for the refining of boundaries or
the subdivision or aggregation of gmound
aquifers should be subdivided or aggregated to form groundwater bodies of a suitable size
for management (generally at least tens of square kilometres in area), which will reflect the
pressures and i mpacts on g¢gr oun ddargeg saauld ; an
generally be chosen initially on the basis of geology, using WFD aquifer boundaries. If
necessary, subsequent subdivision is performed using groundwater divides and finally
using flowlines. The groundwater body as delineated will remaint@oinduring a River

Basin Management Plan, but may be subdivided or amalgamated with adjacent bodies in
subsequent RBMP cycles, dependent on mana

The report concluded with two final princgsl that

Agiven that t he ad&FDteringis essentiadyf basadnhon abgtradtidn e r
and flow criteria, and that the lower abstraction limit is small, most geological materials in
the UK are likely to be classified as aquifers in WFD terms. The main guiding principle
for the delineation of gundwater bodies is that flowlines in an aquifer should not cross
from one groundwater body to another. This is to enable groundwater bodies to be treated
as coherent hydraulic systems (to aid determination of quantitative status) and to be
managed as sucho
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Allen et al (2002) also notthat

Athere may be geol ogical mat erials which
support either abstraction or flow (and therefore are potential aquifers in WFD terms) but
which do neither when saturated. Thisulkkbbe, for example, because such potential
aquifer material lies at depth and therefore is not exploited and does not support surface
flow. This material is classified as a potential aquifer on the basis of its aquifer properties,
but need notbeformaliydent i fi ed as a WFD aquifero

Note that no explicit guidance was given by Allen et(2002) on the delineation of base of
aquifers or groundwater bodies.

3.1.3 UK Technical Advisory Group (UKTAG) guidance on implementation of the WFD

UKTAG, the advisory groupn implementation of the WFD and Groundwater Directive in the

UK, published a paper setting out guidance on the delineation and characterisation of groundwater
bodies in the UK in response the requirements of the WFD (UKTAGL)2Uhe report refines

the cefinitions of groundwater, aquifer and groundwater bodiets out the principles of how
groundwater bodies should be delineafgdvides guilance on groundwater body depifdthe
definition of groundwater body horizons and reporting to the EC. Theafiml is a summary of
UKTAG definitions and guidance relevant to groundwater body delineation.

3.1.3.1UKTAG - REFINED DEFINITIONSRELATED TO GROUNDWATER

In addition to the definitions in the WFD, UKTAG (2Dlintroduces two new concepts pdre
water, as

i p o rters invlaw permeability subsoils (e.g. clays) do not represent groundwater as a
receptor, because they do not provide a useful water resource and pollutants going to
surface water receptors travel at velocities that are measured on a milboate@eyear.
Therefore, water in these deposits should not be subject to the same management objectives
as, for example, aquifers or groundwater

and ofgroundwater at extreme depth as

Agroundwater that exists at e Jetfor esmmas ad e p t
resource, e.g. due to high salinity, shou

These are then related to interpretations of the WFD definitions of groundwater based on their
respective roles in environmental managementTsaéé& 3.1below).
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Table 3.1 Roles of subsurface water in Environmental Management

Water in saturation zone

Zone Terminology Role
Water in unsaturated zone Pore water above the water table.
Protect as a verticglathway to
groundwater
Pore water in low permeability
deposits. The concept of the zone ¢
Pore water

saturation is not relevant in these
deposits as it is usually not feasible
define a water table where lateral
percolation is impededhe main role
of these strata is as a protecting lay|
for groundwater

Groundwater in strata overlying or
underlying groundwater bodies

Groundwater has a value as a later|

or vertical pathway to other receptor

May be usable but only for local
supplies<10n¥/day

Groundwater in a groundwater bod

Groundwater is part of an aquifer ar|
is a receptor as a long term resourd
that can be exploited for human
activities or support surface flows &
ecosystems

Groundwater that is permanently
unsuitable for use

Groundwater which has neither
pathway nor resources value. For
example, where salinity is greater th
seawater.

3.1.3.2GROUNDWATER BODY DEPH

UKTAG (2011 extendsthe CIS guidance (EQO003) related to guomdwaterdateral boundaries
(Appendix 3) and groundwatbody depth. UKTAG (201)1notes that

Nt he
body

mai n

management o0,

dr i for

t hat

ver

del i

neat.
dr i

ng

it he vers

as a water supply or its contribution to surface water systems. The latter focuses on the

unconfined aquifers and, to a lesser extent, discharge from confined aquifers ... Therefore,
management of groundwater at greater depths mainly relates to its used@a t e r

UKTAG (201]) states that

At S ome

dept h,

ecosystemso

depending
resource that can be either exploited for human activities or support surface flows and

on the

and goe®n to define defult depth values for the base of groundwater bodies in the UK, noting

that these values

Afshoul d be

amended usi

ng

| oc al i

nf or mat

hydrogeological and hydrochemical information to identify the resource boesda

preferably through the use of water table information and structural or stratigraphic features
aguitardso.

t hat

represent

UKTAG (2011) states that the default maximum thicknegsa@indwater bodies the UK should

be 400 m, with the exception of ppais superficial aquifers, such as sand and gravel aquifers, and
low transmissivity bedrock, such as the Dalradian, which should ha assumed maximum
thicknessof 40 m and 100 m, respectively (UKTA@)11).Measurement of the thickness should
be from tle upper extent of the groundwater body downward, where
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dhe upper extent of the groundwater body is the water table. Where information on the
level of the water table is not available across the groundwater body as a whole, the upper
extentcanbeconsiced t o | i e at ground | evel

It is not explicit in the UKTAG report how this appliesdonfined groundwater bagk. However,

if it is assumed that for most confined aquifers the upper extent of the water table (piezometric
surface) is not available, then@possible interpretation of the guidance would be that for confined
aquifers the upper extent of the aquifer should be considered to be grountt Eudd alsobe

taken as the top of the aquifer unit.

3.1.4 Groundwater protection in England

TheEA publishal a revised approach to groundwater protection in November 2017 (EA3)2017
The principes and definitions set out in that report and associated documentation are consistent
with the previous, more detailed Groundwater protection: principles and pré&#3e report

(EA, 2013)

The EA currenty defines principal aquifers, secondary aquifers gecondary A B and
undifferentiated), andnproductivestrata Table3.2) based on their geological characteristics, the
qguantity and ease with which groundwater can be obtained from the aquifers, and the extent to
which they support flow in rivers and habitats.

Table 3.2 Aquifer types in England

Aquifer type Description

Principal Rocks that provide significant quantities of water for people and may also sust
aquifer rivers, lakes and wetlands. Formerlyrefered as O maj or aqui
Secondary Rocks that provide modest amounts of water, but the nature of the rock or the
aquifers aqui ferds structure |l imits their us

lakes and private water supplies inrural aréas.r mer 'y ref err e
aqui ferséo.

Secondary A | Permeable rocks capable of supporting water supplies at a local rather than st
scale, and in some cases forming an important source of base flow to rivers.

Secondary B | Predominantly lower peneability rocks that may store and yield limited amount
groundwater due to localised features such as fissures, thin permeable horizo
weathering.

Secondary Designation assigned in cases where it is not been possible totatsiibier
undifferentiated category Secondary A or B to a rock type. In most cases, this means that the |
question has previously beeanq uiefsd rgo
different locations due to the variable characteristics of the rock type.
Unprodutive | These are rocks that are generally unable to provide usable water supplies an
strata unlikely to have surface water and wetland ecosystems dependent upon them
Formerly refaequiefdertsnd.as O6non

The EA approacksgroundwater protectiom the context of a riskased framework, where the
technical framework for groundwater risk assessment includes:

1 a sourcepathway receptor (SP-R) approach;

1 aconceptual model,

1 a tiered approach from qualitative risk screening to detailed quantitativasssksment
(Tier 1-3);

1 identification of sources or potential hazards, examining consequences and evaluating the
significance of any risk;

1 dealing with uncertainties and sensitivity analysis; and

1 risk management.
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and where this is employed in conjunction with the use obtper e caut i @nary prin

The EA(201b) provides position statemerttsat apply to developments and activities in SPZ1
for a range of activities, including: Underground coal gasification,lmedimethane and shale gas
extraction (C6) and oil andonventional hydrocarbon exploration agxtraction (C7). Position
statement C6 states:

AThe Environment Agency wil/l, where appro
facilitate development afustainable sources of energy. However, it will normally object to
UCG, CBM or shale gas extraction infrastructure or activity within a SPZ1. This includes
subsurface SPZ1 areas which are confined by impermeable strata at the surface.

Outside SPZ1, the Eironment Agency will also normally object when the activity would

have an unacceptable effect on groundwater. Where development does proceed and where
any associated drilling or operation of the boreholes/shafts passes through a groundwater
resource, th&nvironment Agency expects best available techniques (BAT) and pollution
prevention measures to be applied to protect groundwater.

The Environment Agency will expect a detailed hydrogeological risk assessment to be
produced for any onshore oil or gas stivity. The assessment must include potential
impacts to all groundwater which could be affected, such as any groundwater bearing strata
even at depth. Mitigation measures to protect all groundwater will be expected to reflect the
sensitivity of that grondwater and any associated receptors. The receptors may include
drinking water sources, surface waters and wetlands; as well as the potential uses of deeper
groundwater (for example, artificial store

and for oil and caventional gas exploration and extracti@,states:

fiThe Environment Agency will normally object to such hydrocarbon exploration, extraction
infrastructure or activity within SPZ1, which will also include any subsurface SPZ1 areas
which are confined bympermeable strata at the surface.

Outside SPZ1, the Environment Agency will also normally object when the activity would
have an unacceptable effect on groundwater. Where development does proceed, the
Environment Agency expects BAT and pollution preventimmprotect groundwater to be
applied where any associated drilling or operation of the boreholes passes through a
groundwater resource.

The Environment Agency will expect a detailed hydrogeological risk assessment to be
produced for any onshore oil or gadivity. The assessment must include potential impacts

to all groundwater which could be affected, such as any groundwater bearing strata even at
depth. Mitigation measures to protect all groundwater will be expected to reflect the
sensitivity of that gnundwater and any associated receptors. The receptors may include
drinking water sources, surface waters and wetlands as well as the potential uses of deeper
groundwater (for example, artificial storage and recovery, or geothermal uses).

Where oil and gaactivities already exist, the Environment Agency will work with operators

to assess and if necessary mitigate the risks. It will normally object to any redevelopment
scheme involving retention of oil exploration, extraction infrastructure or activity rwithi
SPZ1 unless there are substantial mitigating factors.

GP3EA,2013) provided more information on the ¢
depth and is permanently wunsuitable for wuse
GP3 itwasnoted that

A[the WFD] require us to take alll necessEe
substances into groundwater and to limit the input oftmerardous pollutants so as to avoid
the pollution of groundwater. However, provided it does notgromise the objectives set
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out in Article 4 of the Water Framework Directive, we may grant a permit for the injection

of water containing hazardous substances from hydrocarbon or mining activities or the
injection for storage of natural gas or liquefiedrpleum gas but only where the strata

have been determined as permanently unsuitable. The geological formation must be
examined before being deemed permanently unsuitable. EPR 2010 states that the geological
formation must for natural reasons be permé#gennsuitable for other purposes.
Contamination of the formation as a result of human activity would not be cause for its
determination as permanently unsuitable. o

3.2 IDENTIFYING 3D AQUIF ER EXTENT IN ENGLAND

The 2D extent of aquifers and unproductive strata s mapped for the EAOS
maps using geological maps of the ground surface or rockhead at a scale of 1:50,000 (see
http://www.bgs.ac.uk/products/hydrogeology/aquiferDesignation. tim://www.bgs.ac.uk/pro
ducts/hydrogeology/aquiferDesignation.htmi and http://apps.environment
agency.gov.uk/wiyby/117020.aspxThese maps show aquifer stignations for superficial
deposits (Quaternary age) (575 units), and bedrock formations (3700 units). These designations
are used for groundwater vulnerability mapping (Carey and Thursten, 20d4)elp manage
potentially contaminating activitiest or nearthe ground surface.

There is currently no equivalent designation at depth, in part due to a lack of knowledge of the
vertical and lateral distribution of aquifers at depth. The first systematic study to characterise the
3D distribution of principal agters in England and Wales was undertaken as part of a recent
BGS/EA cofunded project (iHydrogeology,
http://www.bgs.ac.uk/research/groundwater/shaleGaggagAndShales/maps/home.html

Loveless et al 2018 to map the vertical separation between the top of selected shale formations
and base of overlying principal aquifers across England and Wales. This entailed modelling, at a
scale of 1:625,000, of the top surface of six major shale and claythatirepotentially oil/gas
bearing(the Kimmeridge Clay Formation, Oxford Clay Formation, the Lias Group, Marros Group,
the Bowland Shale Formation and the Upper Cambrian shales) and the depth to base of 11
geological formations corresponding to bedrock prifcgopifers (Crag Group, Chalk Group,
Lower Greensand Group, Spilsby Sandstone Formation, Corallian Group (limestone), Great and
Inferior Oolite groups, Triassic sandstones, Zechstein Group, Permian sandstone, Carboniferous
limestone, and Border Group (F&kndstong) Surfaces wer esNatiomlat ed
Geological Model JK3D) of the UK (Mathers et al., 2014yhe 3DGWYV LFV projecextends

this work andaccounts for the vertical and lateral extent of both principal and secondary aquifers
in Englandusing UK3D2015 (Waters et al., 2016)which includes additional geologicatoss
sections and named bedrock units since the iHydrogeology projgopving the spatial and
stratigraphic resolution, respectively. Due to the very local and sometimes gisoastnature of

many of these units it is not justifiable to produce interpolated surfaces and thus full subcrop maps
for all of the potential receptors across England. Instead, potential receptors on the geological
sections in the 3DGWV LFV project haveeen attributed withEA aquifer desigations.
Designations, lateral and vertical extents can be viewed within the LFV software.

3.3 WATER QUALITY OF DEE P GROUNDWATER SYSTEMS IN ENGLAND

Water qualitystandardsincluding specific electrical conductance (SEC)otal dissolved solids
(TDS), are used to regulate supply and use of groundwater in England and elséad&euncil

of the European Union (1998pecifiedthatthe maximum SEC at 20°C should be 2500 puS/cm
(about 1625 mg/l TDS)and the water should nbé aggressive. This limit has been embodied in
the water supply regulations for England that specify the maximum admissible concentrations and
values for parameters in drinking water for both public supiihe(Vater Suply (Water Quality)
Regulationg2016)) and private water supplies for human consumptiBnate Water Supplies
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(England) Regulation§016). The World Health Organisatio(WHO) describesvater with a
TDS of < 600 mg/l as good quality and thaith a TDS of 41000 mg/l as increasingly unpalatable
(WHO, 2011).For comparison,he US EPA 2017), states a guideline maximum TDS value of
500 mg/lin the Secondary Drinking Water Standards but considarsdargroundirinking water
source to have a TDS of < 10,00@/in

Understanding of groundwater quality at depth is integral to 3D groundwater vulnerability and risk
assessments andrguably,the relatedpolicy development and management decisions. Water
quality tends to deteriorate with increasing depth as lower hydraulic gradients and slower
groundwater movement result in longer residence times during which the water can interact with
the host roclandresult in increased mineralisatidrhere are some exceptions to fiies example,

in the East Midlandsetter quality Sherwood Sandstone groundwater occurs below more
mineralised shallower wateessociated witlthe overlyinggypsiferous Mercia Mudstonand
groundwater subjected tecent near surface pollution from agriculture or coal mining.

3.3.1 Deep groundwater quality in England

There are 13 public water supply sources with depths over 400 m in the BGS Wellmaster
database (a comprehensive databaseatsr boreholdogs in the UK) in Englandhoughnone

areover 500 m deep.

Table3.3 indicates that these boreholes all terminate in sandstone aquifers (either the Lower
Greensand or the Sherwood Sandstone). Water in silicate aquifers is generally less mineralised
than thatm carbonate ones. However, it is not clear whether the lack of boreholes > 400 m deep
in carbonate aquifers is due to a decrease in dissolution and secondary fractures affecting yields
or poor groundwater quality at depth within these aquifers.

Table33Publ i c¢c water supplies from > 400 m depth

Aquifer Number of supplies | Depth (m)

Palaeogene, Chalk and Folkestone |1 422

Formation (Lower Greensand Group)

Folkestone Formation (Lower 6 400, 414, 442, 457, 468, 48¢
Greensand Group)

Folkestone Formation (Lower 1 433

Greensand Group) and Hastings Bed

(Purbeck Group)

Sherwood Sandstone Group 5 400, 414, 430, 431, 500

The Geothermal Data Catalogues provide the most complete data on groundwater quality at depth,
including information on locations, depths, sample types and aquiteesfirst comprehensive
catalogue of underground temperature, heat flow and hydrogeoctatata was published in

1978 by the Department of Energy (Burley and Edmunds, 1978). This was upd#tedBoyish

Ge ol ogi c ahves8gatiowvodtgedasothermal potenbaf t he UKO proj ect
publishedn three revisions (Burley anGale, 1982Burley et al, 1984Rollin, 1987).The majority

of the data were derived from drill stem teStal{le 3.4).

Data from the Geothermal Data Cataloguesehasen digitised and anomalous values removed.

Site locations given to the nearest 1 km (in some cases 10 km) wereefenssaced by location

names and depth and identified to at least the nearest 100 m. Mine drainage datsavere
removed, since these analyses may not be representative of natural groundwater conditions and
the depth from which the water drains is ambiguous. The remaining 500 analyses range from
springs(surface)to amaximum boreholeepth of 2385 m, although thember of observations
decrease significantly with depthable3.5). Where the source rock was not recorded but a depth
provided, borehole logs were used to iderttiy formation from which the water sample wasst
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likely derived. Where only a borehole depth (not sample depth) was available, the sample was
assumed to be from the formation at the final borehole depth.

Analyses were from a range of formations, butmarily the Chalk, Sherwood Sandstone,
Zechstein Group, Coal Measures, Millstone Grit and Carboniferous LimeStaile3.6). Where

no TDS was recorded in the origir@dta, it was assumed to be the sum of all the ions quoted
(major ions plus silica), although in many cases some ionic concentrations (mainly potassium,
bicarbonate, sulphate and silica) were not recorded and hence the calculated TDS content is a
minimum estimate. The dataset is a collection of all data available at the time of compilation,
rather than being a comprehensive review of water quality from different formations at specific
depths. For example, many more data exist for aquifers at shallow démpthsare not included

and these data indicate that the lowest TDS range for any urabie 3.6 relaesto the London

Clay at depths of > 150 m, not a formatiomegeally considered to form a significant aquifer, is
anomalous and an artefact of the way data was originally selected for inclusion in the catalogues.

Table 3.4 Sources of water quality samples, data from th Geothermal Data Catalogus
(Burley et al., 1984; Rollin, 1987)

Data source Number of sites
Spring (including thermg 10

springs)

Depth sample 9

Interstitial 23

Pumped sample 71

Artesian discharge 10

Drill stem test 309

Unknown 68

Table 3.5 Depths of water quality samples, data from the Geothermal Data Catalogae
(Burley et al., 1984; Rollin, 1987)

Depth (m) Number of sites
0-500 176

500-1000 137

10001500 115

15002000 65

20002500 6
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Table 3.6 Water quality analyses by formation, data from the Geothermal Data Catalogie

(Burley et al., 1984; Rollin, 1987)

Period Formation Number of Depth range | TDSange
sites (m) (mg/l)
Palaeogene London Clay 3 167-179 129298
Cretaceous Chalk 28 90-532 124-35287
Upper Greensand 7 120626 181-5350
Lower Greensand 13 0-687 110-7999
Wealden 2 665-759 23146965
Jurassic Portland 3 804-865 14186
116890
Corallian 3 580-1258 1999393725
Kellaways and 4 105833 1081247625
Oxford Clay
formations
Great Oolite 5 2241246 1125967304
Inferior Oolite 6 1581369 375131736
Bridport Sand 14 0-1180 321-143470
Formation
Middle Lias 1 1085 69025
Lias 4 317-1200 628993974
Triassic Penarth Group 1 1247 109637
Mercia Mudstone | 2 321-683 147452418
Dolomitic 1 102 2819
Conglomerate
Sherwood 100 9-2297 52-299714
Sandstone
Permian Collyhurst 1 136 210
Zechstein 57 151-1918 296-331597
Rotlegendes 4 13161814 103015
315711
Carboniferous Coal Measures | 83 90-2375 365275911
Millstone Grit 94 282-2266 950-317298
Bowland Shale |2 0 (springs) 637-1195
Carboniferous 56 0-1799 160-205957
Limestone
Lower Limestone | 2 16841834 87875
Shale 101610
Devonian OldRed 3 104-1919 225136744
Sandstone
Silurian Silurian 1 1397 22839

Figure3.1shows TDS as a function of depth for all of the Geothermal Data Catalogu€igatas
A3.2 to A3.7in Appendix3 show TDS as a function of depth highlightidgta for the Chalk,
Sherwood Sandstone, ZechsteiGroup Coal Measures Millstone Grit and Carbonifeus
Limestone.Figure3.1 shows that there is significant variation in TDS at any given dé&juth.
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example, at ~ 400 m bgl, measured TDS may vary by over three orders of magnitude from ~100
to >100,000 mg/l. The corollary of this is that a given TDS may be found over a wide range of
depth intervals. For example, TDS values of 10,000 mg/l haverbperied from the near surface
down to depths of >1km.

Total dissolved solids (mg/1)

1 10 100 1,000 10,000 100,000 1,000,000
0 “ﬁ ® : l.-
[ ] L J
[ ]
500 "/
= 1000
£
—
o
2 1500
2000
‘e
®
2500

Figure 3.1 TDS as a function of depth for England based on data from the Geothermal
Data Catalogues (Burley et al., 1984; Rollin, 1987).

However,groundwater at greater depths will generally be older, allowing more time for-water
rock interaction and hence more mineralised. Heheee is a broadly linear lower bound to the
distribution of TDS Figure3.1). This means that for a given depth interval an equivalent minimum
TDS can be approximately identified. The lower TDS bound for a given depth indicates a
maximum depth of ~ 900 m for potable groundwater in England (maximum TDS ~ 1625 mg/I
based on the cumeé statutory SEQimit for potable groundwater d2500 uS/cm (Figure 3.2).
Groundwater below ~1,750m is likely to be more saline than seawater (35,000 mg/Fid#3 (

3.2). However, estimation ofepth intervals associated with specific TDS thresholds will depend
on the precise location and shape of the lower bound to thedgmB trend and these figures
should only be taken as approximate valdesimilar lower bound to groundwater qualepth

data has also been described for data from California (Kang and Jackson, 2016). In California,
however, the lower bound iswer thanfor England, reflecting lower TDS at greater depths. This
difference could result from a range of factors, including the length of time that groundwater has
been in contact with the host rocks which in turn is a function of the hydrogeological setiing, ro
hydraulic conductivity, and rock solubility.
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Total dissolved solids (mg/I)

1 10 100 1,000 10,000 100,000 1,000,000
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Potable groundwater, <1625 mg/|
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Depth (m)

1500 Less saline than seawater, but <35,000 mg/|

2000 ¢

More saline than seawater, >35,000 mg/|

2500

Figure 3.2 TDS as a function of depth for Englandwith interpolated depths associated with
limit of potable water (<1625 mg/l) and groundwater more saline tha seawater (>35,000
mg/l).

3.4 GROUNDWATER PROTECTI ON SUMMARY

According to the groundwater governing frameworks in England (WFD and GD), all groundwater
should be protected from the input of pollutants. There is a general characteristic of increasing
mineralsation of groundwater with depfffrigure 3.2). Consequently, in practice, the use and
hence protection of groundwater < 400 m bgl has been prioritised. However, with an increasing
focus on the use of deeper geological environments for potential hydrocebeinpment, there

is a need to consider the application of protection for deeper, more highly mineralised
groundwater. Although such groundwater is currently not considered as a groundwater body and
SO is not subject to the same management objectivaggesundwater body (UK TAG, 2011),
recognition of the importance of deep groundwater as a pathway, as well as its potential for future
uses, means that it should still be afforded certain defined protections.
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3.5 POTENTIAL RECEPTOR C LASSIFICATION

Potential receptor classification

In the 3ADGWV methodology, potential receptor units are used to assess groundwater within g
strata, in accordance witlpossibledifferences in the groundwateondition at different depths
laterally, and within dferent geological units. Each geological unit identified in the geolog
sequenceavithin the AOIshould be classified as a potential receptor on the basis of their geologiq
hydrogeological propertiespiimarily identified through their EA aquifedesignation) and thei
shallowest depth in the AOI.

The 400 m default maximum depth fGroundwaterBodies in the UK (UKTAG, 2011) is central
receptor classifications in the absence of groundwater quality Taltée3.7). However, vinere there
are data for the TDS content of the groundwater within the uhgtble 3.7), this should be thg
determining factor in receptor classification. The groundwater quality boundaries are defined ad
to WHO (2011) with potable water having TDS < 1000 mg/I, slightly brackish water, which ¢
used for patble mineral water supply and agriculture, parks and gardens, fror8130Dmg/l (EPA
Victoria, 1997) and brackish water up to 35,000 mg/l. UKTA®@ 1) suggests that groundwater wi
no resource value may be fobgampleyghereits salinity isugreata
than that of seawater, i.e. the TDS exceeds 35,000 mg/l.

The 3DGWVLFV model can be used to identitye EA aquifer designatioattributed to a particula
geological formationWhere the aquifer designation is variable, lootormation should be used t
identify the nature of the unit, for example from the EA website:

http://maps.environment
agency.qgov.uk/wiyby/wiybyController?topic=groundwater&layerGroups=default&lang= e&ep=
&scale=5&x=531500&y=181500#x=353733&y=437974&3.&scale=5

It should be noted that aquifer designations are only shown at outcrop. Where units are confined
designation should be obtained from nearby outcrops of the potential receptor with the same li

The shallowest depth of theitishould be used for aquifer depth, so if the top of the second prin
aquifer inFigure2.2 was at 300 m bgl, and the base was at 500 m bgl, the unit should still be clg
as potential receptor class A. Where there is evidence (for example chemical) that groundwatg
in the same aquifer unit may be separated by a barrier such as a fault, the receptor classificati
groundwater bodies can be assessed separately. TDS may a&stntedoy summing all of the
cations and anions to provide a minimum value, or by asiove of an SECvalue if available

Where new information as to the groundwater quality in a particular potential receptor bg
available, this should be used to update the potential receptor classification.

Table 3.7 Receptor classification based on EA aquifer designation and TDSVhere there is
evidence of the TDS of the groundwater within the unit, this should be the determining factor i
receptor classification.

OO EA aquifer designation and depth to top of unit below Total Dissolved
receptor .
i surface Solids (TDS)
classification
A Principal aquifer < 400 m < 1,000 mg/I
B Principal aquifer > 400 m, secondary aquifer < 400 m 1,000:3,500 mg/l
C Secondary aquifer > 400 m 3,50035,000 mg/I
D Unproductive > 35, 000 mg/I
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4 Intrinsic vulnerability

This section describes potential pathways for contamination from the source (hydrocarbon source
unit) to receptors (groundwater body). The general intrinsic vulnerability factors and methodology
relating to each of the pathways are presented after edohgyahas been described. Pathways
relating to specific suurface hydrocarbon activities are detailed in Section 5.

The ntrinsic vulnerability ofa receptor is a function of the geological setting (geometrical
relationships and hydrogeological propesjiavithin which the receptor and the proposed
hydrocarbon source occur.

Intrinsic vulnerability is assessed for each potential receptor in the geological sequence identified
in the conceptual model, below tearface within theAOl, according to key facts, subfactors
and parameters that will influence the vulnerability.

For each factor, the full range of possible measurements or values is divided into between three
and eight increments depending on the parameter. Each is given a rating value, Beett, a2
weighting (numeric, prascribed reflecting its contribution to intrinsic vulnerability) aad
confidence level (high, medium, low)

The rating (r) and weighting (w) for each factor are multiplied, and the scores for all the factors
aresummett o produce the receptords intrinsic vul
intrinsic vulnerability. A confidence level is ascribed to each of the intrinsic vulnerability scores
based on the lowest confidence of all the assessed subfadtersating is determined from the
conceptual model (Sectich2).

4.1 SEPARATION OF THE HY DROCARBON SOURCE ROCK AND POTENTIAL
RECEPTOR

Rocks in the intervening zone between the source and recepfacisie orhinderthe transport

of contaminats. The further apart the source and receptoraauc the increased time taken for
contamination to travel from hydrocarbon source to recepbhe lower the likelihood of
contaminatiomeaching the receptdie.g. US EPA, 2016). Longer pathways raiso allowlonger
exposure to microbial degradation and attenuatand prevent contaminatioreaching the
receptor Certain properties of the doenass(porosity, permeability, attenuation capacity) will

make the transport of contaminants more or lessliRely.i s pat hway i Figiredent i
5.4, Figure5.6 andFigure5.8.

The groundwater flow in sedimentary formationsexitth is up to two orders of magnitude greater

in the horizontal than in the vertical direction, and simulations have shown that the majority of
flow following hydraulic fracturing is in the horizontal direction (Brownlow et al., 2016). This is
due to the prmeability anisotropy resulting from sedimentary layering. The movement of
contaminants is controlled by the lowest permeability layer.

In the 3DGWV methodology, rpximity is divided into two subfactors; vertical anateral
separation distances. It reflects the greater likelihood of contamination through the rock mass and
preferential pathways when the hydrocarbon source unit and the potential receptor are closer. The
spatial extent of permeability changes resulting fexnactionprocesses, in particular, hydraulic
fracturing are also considered (Sectti.]). Different separation distances have been used in
otherindustries, such as mining (Sectiért) and could be used to modify distances in different
locations and for specific industrigshis methodolgy is extended to other sidoirface activities

There are more categories for the intrinsic vulnerability parameter range for the vertical than for
the lateral separation because better estimates of vertical separation can be made using the
3DGWYV LFV model or borehole logsSince goundwater flow at depth is generally greater in the
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horizontal direction than in the vertical directithre lateral separation has a greater weighting so
that a given distance scaigigher (or the same) for the lateral thantieat direction (

Table4.1). There are also fewer categories for the lateral than vertical scores because of the lower
resolution.

Table 4.1 Example separation distances (m) antbtal vertical and lateral scores

Separation distance (m)| Vertical score Lateral
score
1200 15 3
1000 3 3
800 4.5 6
600 4.5 6
400 6 9
200 10.5 12
50 12 12

4.1.1 Effect of hydraulic fractures

Induced lydraulic fractures are fractures thougio be micrometres (um) in width (Younger,
2016), which are created to release gas from shale or other tight rock formations. Due to the
orientation of stresses in the ssirface, hydraulic fractures at depths > 1200 m @@gminantly

vertical and at depths < 600 m are predominantly horizontal, with a mixture of vertical and
horizontal fractures in the interval between (Fisher and Warpinski, 2012).

Hydraulic fractures could potentially provide preferential pathways falaoanants from source

to receptors depending on the height and aperture of the fractures and the vertical separation
distance between the hydrocarbon source unit and the receptor. Even if the fractures do not directly
link the source and receptor, they cliorten the pathway that a contaminant would have to travel
without a preferential flow pattmodified separation)

Local rock failure,which occursas the hydraulic fractures form, creates microseismic events
which can provide information on-situ rock deformationWhile geophysical data can be used

to image fracture height in the subsurf§€esher and Warpinski, 2012)ata remains relatively
limited since only 3%f hydraulic fracturing operations in North America anerently monitored

with seismic arrayfGassiat et al., 2013). Nevertheless, studies assessing induced fracture height
from micro-seismic and micraleformation datéor high volume hydraulic fracturinghdicate that

most hydraulic fractures are less tH&® min height (Davies et al., 2012; Fisher and Warpinski,
2012) Statistically, &€ss thari% of hydraulic fracturing stages have fractures #ratgreater than

350 m in heightDavies et al., 2012)0n average, there are seven hydraulic fracturing stages per
borehole, thusiboutone in fourteen boreholes could have a maximum fracture height exceeding
350 m. Monaghan (2014) used a similarafitof 305 m (1000 ft) for verticaeparation between
shale gas activities and coal mines in the Midland Valley based on communications with an
experienced US shale gas company. The maximum upward propagatemomfedractures in

the data from five shalgas playsn the US, analysed dyavies et al. (2012)s 588 m in height.

This work also concluded thatatture height probabilities are likely to be oestimated due to
difficulties identifying smaller fractures. In addition, Fisher and Warpinski (2012) show that
fracture height disibutions differ between regions and shale formations and there is currently no
information on possible hydraulic fracture heights for England. Hydraulic fractures from lower
pressure/olume fluid injection are expected to be smaller in extent (e.g. Hiegvet al., 2013).

There is limited information on the lateral extehhydraulic fractures. TheJEPA (2016) report
fractures extending to horizontal lengths of 300 m from borehole data in the Fisher and Warpinski
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(2012) dataset. Modelling of hydragilfiracturing in sandstone (at a depth of 640 m) indicates a
potentialfracture length of 244 m (Adachi et al., 2007). Evidence from well communications
between closely spaced boreholes might also help to elucidate the fracture half lengths; Jackson et
al. (2013a) report a borehole blevut adjacent to a hydraulic fracturing borehole separated by a
distance of 200 m. Interwellbore Communication (IWB) &0 found to occur in the Barnett
Shale Play in Texas at distances of 340 m and 760 m (US EPA, 20fehviex(2017) found that

the average horizontal distance for well communication at depth was 400 m, with a range from 30
to 2000 m. From 179 wells in Oklahonfgani and Kelkar (2012) (iUS EPA, 2016) found that

the maximum distance between wells in whachimpact was identified was 2580 (individual
fracture length of ~ 1295 m). The likelihood of communication was < 10% for wells 1000 m apart
(fracture length of 500 m) and up to 50% for wells < 300 m apart (fracture length 150 m).

Hydraulic fracturesan also interact with other pathways such as faults or boreholes and seismicity
resulting from hydraulic fracturing can impact borehole integigtgeen at Preece Hall, Lancashire
(Ward et al.2015).

30



OR/18/12

Vertical separation of hydrocarbon source unit afmbtential receptors

This is the shortest (perpendicular) distance between the top of the hydrocarbon source unit
base of the overlying potential receptor or, where the potential receptor is below the hydrocarbo
unit, the perpendicular distae between the base of the hydrocarbon source rock unit and the
the potentiagroundwater bodyceptor.

There are eight possible vertical separation distance rafiag$@.2). The lowest rating is for > 120
m, accounting for the maximum distance of natural hydraulic fracture height (Davies et al., 20
would be the minimum depth of hydraulic fracturing below groundwater in SPZ1. @dueporated
boundaries include 100 m (most likely height), 400 m (< 1 % of hydraulic fracturing stages
fractures > 350 m in height) and 600 m (maximum recorded height of induced hydraulic fratter
weighting for this subactor is 1.5.If a recepor does not directly overlie the hydrocarbon actiy
footprint (but is within the area of interest) this should be given a rating of 1. The weighting f
subfactor is 1.5.

Table 4.2 Proximity of hydrocarbon source unit and potential receptor: Vertical separation.
Scores are preliminary.

Rating | Weighting
Q) (w)
>1200 m 1
900-1199 m
600899 m
400599 m
300-399 m
200299 m
100199 m

<99m

Intrinsic vulnerability parameter range

15

(N0~ WIN

Sources of information

Conceptual model (Sectidh?2). Vertical separation is calculated from unit depths entered intg
3DGWYV methodology spreadsheet.

Confidence

1 High to medium = conceptual model based on site specific informationnieanby
boreholes. This will be dependent on the quality of the borehole log, proximity to the AQ
geological variability in the area.

1 Medium to low = conceptual model based on 3DGWN¥oFrame ViewelFV 3D model,
shale/ aquifer separation maps, crssstions on geological maps and geological memaoirs,
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Lateral separation of hydrocarbon source unit and potential receptors

Lateral separation is calculated between the hydrocarbon source unit and potential receptor urj
they occur at the same horizontal plane in the AOI. This may be due to geological structures
faults and steeply dipping beds. In the case whegalditional unit is introduced to the succession,
example in the hanging wall of a fault or on a deepening succession, this factor can be used tq
a distance between the hydrocarbon source unit and the additional potential receptors evenish
not included in the vertical succession.

Table 4.3 Proximity of hydrocarbon source unit and potential receptor:Lateral separation

Intrinsic vulnerability parameter range Ra(?)ng Wel(g\gl\gtmg
> 2000 m 0
1000 to 1999 m 1
500 t0 999 m 2 3
200t0 499 m 3
<199 m 4

Sources of information
Conceptual mod€dSection2.2).
Confidence

1 High toMedium = conceptual model based on site specific information from nearby bore
This will be dependent on the quality of the borehole log, proximity to the AOI and geolo
complexityin the area.

1 Medium toLow = conceptual model based on 3ADGWRV 3D model, shale/ aquifer
separation maps, cressctions on geological maps and geological memoirs.

4.2 MUDSTONES AND CLAYS IN INTERVENING ZONE

Clays, mudstones and shales limit transport of contaminants (Flewelling and Sharma, 2014;
Birdsell et al., 2015)lue to their low permeability (2.4 xI1@o 9.6 x10¢* mD at depth) as evidenced

by their ability to behave as cap rocks for conventional hydrocarbons (Younger, 2016). They also
have the ability to adsorb charged particles. Their adsorption propertiesgely igoverned by

the nature and qutty of clay minerals present and theadable surface arefbetween clay
particles in unconsolidated material aonifracture surfaces in consolidated rochs the UK,

Early Palaeozoic (Cambrian, Ordovician, Séuri Devonian) shales and slates would typically
contain illite and chlorite with rather low adsorpti@apacity, whereas Late Palaeozoic
(Carboniferous anBermian) shales and mudstones often contain interlayeredagtayshigher
adsorptioncapacitiesMesozoic and younger mudstones and classstypified by increasing
amounts of smectite and therefore have the highest adsorption cajpzapyparticles in
sandstones and siltstones may also have adsorption properties and will lower bulk permgability (
Kemppers. comm)
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Mudstones and clays in intervening zone between hydrocarbon source unit and
potential receptor

This factor accounts for potential barriers (mudstones and clays) to contaminant mi
between the top/base of the hydrocarbon sounit and the base/top of each potential rece

The rating is based on the cumulative thickness of mudstone/dlalgke@.4). The potential
receptor adjacent tine hydrocarbon source unit will always have a rating of 5 as there g
intervening units.

Table 4.4 Thickness of mudstone or clay in intervening units between the top/base of th
hydrocarbon source rock and the base/top of the potential receptor.

Intrinsic vulnerability parameter range Ra(l';l)ng Wel(g\ql\gtmg

>250 m mudstone or clay 1
>100 m mudstone or clay

>50 m mudstone or clay 3.5
> 20 m mudstone or clay

No intervening strata, or < 20 mudstone or clay

|l |winN

Sources of information

Cumulative mudstone/clay thickness is calculated from the thickness of the units a
proportion of mudstone/clay within the unit:

Conceptual model (Sectidh2). Thickness of units is calculated from unit depths entered
the 3ADGWV methodology spreadsheet. The thickness of mudstone/clay associated
particular unit can be estimated from thait thickness(above)and the proportion of
mudstone/clayassociatedn with the unitin the 3DGWV spreadsheeThe proportion of
mudstone/clay can be obtained from:

71 Borehole logs in/close to the AOI
1 3D GWV LithoFrame ViewekFV project and BGS Lexicon ced

If a unit comprises only mudstone/clay the tagait thickness can be entered. If only a
proportion of the unit is mudstone then the total unit thickness should be multiplied by t
fraction of the unit that is mudstone/clay. For each potential recéipeathickness between i
and the hydrocarbon sourceitis summed. For example, ligure2.2, , the cumulative
mudstone/claynit thickness between the upper principal aquifer and the source unit wo
be:

Unit overlying hydrocarbon source unit: 100% mudstone and 300 m thick
Lower principal aquifer: 25% mudstone and 67 m thick
Secondary aquifer: 75% mudstone and 67 m thick
Cumulative mudstone thickness = (1x300) + (0.25x67) + (0.75%67) = 367 m

Confidence

1 High = conceptual model based on site specific information from nearby borehol
local information on unit lithology. This will be dependent on the quality of the bore
log, proximity to the AOI and geological variability in the area.

1 Medium =conceptual model based on 3SDGWYV LithoFrame Viewer 3D model, sh
aquifer separation maps, cresections on geological maps and geological memoir
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4.3 GROUNDWATER FLOW MEC HANISM

The groundwater flounechanism (fracture flow or intergranular flow) of the intervening oaeck
affect the ease with which groundwater flonRocks, such as limestone, with predominantly
fracture flow are likely to allow faster travel times than rocks with predominartdygranular
flow or multi-layered aquifers such as the Millstone Grit or the Coal Measwksgidd enlarged
fissures and conduitgnown as karst in carbonate rockgh potentially create rapid contaminant
pathways though the subsurfdeay. Ruggieriet al, 2017) Solution features may also affect the
permeability of themmediately overlying geological unit due to subsidence
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Groundwater flow processes

This factor accounts for key flow processes in the intervening zone between the hydrg
source and the top of each potenti al r
stratadéd by the EA are not considered.

The rating is based on the cumulative groundwater flow mechanism in the intervenin
between the hydrocarbon source uaitd the potential receptor, including the poten
receptor. There are four possible ratingalle4.5).

Table 4.5 Groundwater flow mechanism in intervening units between the top/base of the
hydrocarbon source rock and the base/top of the potential receptor, including the
otential receptor itself.

Rating | Weighting

Intrinsic vulnerability parameter range " W)
Only units designated ‘Unproductive Strata' by EA 0

> 50 % principal or secondary aquifers (EA designation) 1
intergranular flow (e.g. sands)

> 50 % principal or secondary aquifers (EA designation) fracty 3

poorly connectedracture flowor mixedfracture and intergranular flo 2
(e.g. well fractured sandstones, midtyered Carboniferous rocks)

> 50% principal or secondary aquifers (EA designation) fractured, 3
connected (e.g. limestongyredominantly fracture flow

Sources oinformation

The cumulative groundwater flow mechanism score is calculated from the thickness of th
and the groundwater flow mechanism.

Thicknesses of units are calculated from unit depths entered into the 3DGWV metho
spreadsheet from the copteal model (Sectiog.2).

The groundwater flow mechanism of a particular unit can be estimated from:

1 Borehole logs in/close to the AOI
1 Lithological descriptions fm geological maps and memaoirs
1 3D GWV LithoFrame ViewekFV project and BGS Lexicon codes

Using the examplén Figure 2.2, the cumulative groundwater flow mechanism categori
would be

1 >50 % principal or secondary aquifers (EA designataitt) intergranular flowfor the
lower potential receptor A

1 > 50 %principal or secondary aquifers (EA designation) fractured, poorly connarct
mixed fracture and intergranular flofor the potential receptor B

1 > 50 % principal or secondary aquifers (EA designatiool fractured, butwith
intergranular flowfor the ypper potential receptor A.

Confidence

1 High = conceptual model based on site specific information from nearby borehols
local information on unit lithology. This will be dependent on the quality of the bore
log, proximity to the AOI and geological variability in the area.

1 Medium =coneptual model based on 3DGWMhoFrame ViewetFV 3D model,
shale/ aquifer separation maps, cresstions on geological maps and geological
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4.4 SOLUTION FEATURES

Dissolution features occur in bothrbanate and evapoeitocks. The depth of karst development

is highly variable and is related to differences in geology and landscape evdhtiEmgland,

karst is quite common at shallow depthpants of the Galk andn the Carboniferousimestone.

Cave systemare known tanearly 300 nbgl (e.g. Brants Gill, Yorkshire Dales) (Waltham et al.
1997). Karst drainage may have developed at times of lower base levels (sea levels). Some deep
caves are formed by water rising up from depth or by geochemicahgn sulphuric acid
dissolution or rising arg@an flow through soluble rockend are unrelated to modern drainage
systems (Farrant, 208). Palaeokarst systems can be irdd at depth in Carboniferous
Limestones for exampleat the Buxton Springs, whegroundwater circulation is inferred to
1500m bgl (Aitkenhead et a]2002) and at the Bath Hot Springgere it is inferredip to4000m

bgl (Edmunds et al., 2014Palaeokarsts more likelyto have developed below an uncomhity.

The maximum depth of karstification Englandis limited by the base of the limestoi&psum

karst haslsoformed phreatic cave systems, but the rapid solubility rate of the gypsum means that
the karsttanevolve on a human time scale (Farra2®08).

Solution features

This factor accounts for solution features in the intervening units between the hydro
source rock unit and the potential receptor, including the potential receptor within the A
accounts for evidence of solutiorafares in the AOI and the potential for the developmer
solution features according to the lithology. There are four possible rafiagke4.6).

Table 4.6 Solution features in the AOI

Intrinsic vulnerability parameter Rating | Weighting
range (n (w)
No potential solution features 0

Potential for solution in 1

evaporitésoluble rocks

Potential for karst oknown solution
features in evaporite minerals

Known karst features in area of interé 3

Source of data

Borehole logs and reports fire AOImight present evidence eblution features. Examplég
of evidence might includenexpected changes in pressure due to lodslbhg fluid or tracer
tests.

Propensity of geological units to have solution features. This includes places where the
unconformities and disconformities above a unit. A lishregfas with important solution
features have been identified by FarranO@0and included in Appendix 4.

Confidence
1 High = borehole logs
1 Medium orLow = identification of units with propensity for solution features
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4.5 FAULTS

Large volumes of fluids, for examplieep brine§Warner et al., 2012 lewellyn, 2014) and gases
(Molofsky et al., 2013Moritz et al., 2015)have been shown to migrate vertically through rock
masses for large distancagp(to 2.4 km (Llewellyn, 2014) over long timescales. However,
contaminant migration over the large vertical separation distances between deep hydrocarbon
source units and shallow receptors (for example shales with an average depth of 2 km in the US,
(US EPA, 2016) is considered unlikebr, would take a very long time, without preferential flow
pathways (Lefebvre, 2017). Numerical models by Reagan et al. (2015) have shown that
characteristics such as the presence of preferential flow pathways (e.g. faults) and production
characteristics ight have a greater impact on transport than vertical separation distances.

Faults are planes of movement along which adjacent blocks of rock strata have moved relative to
each other. Faults commonly comprise zones, of up to several tens of metrestéoy igreadth,

of fractures and fault rockcaults can enhance or hinder fluid flow, or a combination of both
(preventing fluids crossing the fault while at the same time allowing fluids to flow parallel to the
fault) (Bense et al., 2013). Faults that emdea(are conduit®r) fluid flow can allow contaminants

to travel along the fault (as a pathway) to a groundwater receptor and can provide vertical pathways
through otherwise low permeability bodies of rock. Faults have been found to be conduits for
methane (and thermal fluids) even through large thicknesses of shale in British Columbia, Canada
(Grasby et al., 20). Faulting may also bring receptor formations into contact with hydrocarbon
source unit formations across the fault zone (known as juxtapysitid result in laterally variable
hydrogeological and rheological properties

The largest faults can cut all of the brittle rocks in a geological sequencepagimeays provided

by faults could be kilometres in length. For example, the Bath therniags@re believed to flow

along a deep fault from between 2.6 and 4 km depth to the surface (Andrews, 1982; McCann et
al., 2013). Although faults are often segmented along strike and diptethéynot to occur in
isolation and where large faults occur derafaults are likely to be present nearby (e.g. Torabi

and Berg, 2011). The interaction and connection of these faults can also lead to long pathways.

Faults can also interact with hydraulic fractures, dedidngest induced fractures are thought to
result from interactions with existing faulfavies et al., 2012). bhitoring of shale exploitation

in Greene County, Pennsylvanfaund the maximum height of hydraulically induced fractures
corresponds with the maximum height of faults in the region (Hack et al., 2014).

Natural fracturegwhere there has been no offset either side of a fraatareplso interact with
hydraulic fractures. These were found by Davies et al. (2012) to be predombetmtgen 200
300 m in heightwith 33% of > 350 m in keightand amaximumheight 0f1106 m The greater
vertical extents (than induced hydraulic fractunga3sibly result from the greater fluid volumes
involvedin a natural systerand occurrence in more extensively homogendith@ogy (Davies

et al., 2012] acazette and Geiser, 201Bjowever, the fracture height probabilities are likely to
be overestimated due to difficulties identifying smaller fractures (Davies et al., 2012).

Faults and fracturdsave beetthought to act as preferential pathwé&ysmehane in areas of shale

gas exploitation(Warner et al., 2012; Molofsky et al., 2013; Llewellyn, 2014 and Moritz et al.,
2015) Numerical modellingnas suggestetiat permeability and overall volume of the connecting
fault or fracture have a greater impact methane transport than separation distaReadan et

al. 2015) However, Younger (2016) states that in the UK there are no known minewater
discharges from natural faults although minor seepages are known to occur along natural faults in
close proximiy to major mine seepages, even if the fault does not deliver the bulk of the flow.
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It is thought that a large number of factors might interact to determine whether or not a fault will
enhance or hinder fluid flow, including orientation with respect to the regional stress field,
lithology, fault throw and deformation history (history obwement and subsequent diagenesis)
(e.g. Bense et al., 2013). Pressure changes surrounding faults, perhaps due to stimulation
techniques such as Enhanced Oil Recovery (EOR) or hydraulic fracturing, might also alter the
hydraulic behaviour of the fault, f@xample by fault reactivation, aman also lead to leakage
along a fault (e. g. Rinal di et al ., 2014) .
di stanced (minimum | ateral di st anc-existngpfautt hy d
in order not to reactivate it) ranged from 63 to 433 m depending on fracture intensity and failure
thresholdbased on numerical models of hydraulic fracturing at Preese Hall, Lancashire.

Faults

This factor accounts for the proximity of faults to thelrocarbon activit and their hydraulig
behaviouError! Reference source not found. Distances relate to the minimum late
istance between the hydrocarkamiivity and the fault in the AOI since contaminants are nj
likely to reach a fault if the separation distance is smaller. It is assumed that a fault co
the entire geological sequence. The distances correspond to lateratisaphistances,dseal
on the horizontal extents of high volume hydraulic fractures. This is larger than the maj
horizontal respect distance (minimum lateral distance that hydraulic fracturing should
from a preexisting fault in order not to reactivate it) suggedtgdVestwood (2017) of 433 m

Since not all faults are permeable, faults that are known to be transmissive are given §
rating. Evidence for transmissive faults includes discharge of thermal waters and othe
from depth. There arfeur possibleatings Table4.7):

Table 4.7 Proximity and hydraulic behaviour of faults in the AOI. Scores are
preliminary. Scores are preliminary.

Intrinsic vulnerability parameter range REUE | et
(r) (W)

Faults not known in the area of interest 1

Known faults within 2 km of the hydrocarbon activity 2

Known faults within 0.5 km, ortransmissive fault within 2 km of th o 4.5

hydrocarbon activity

Fault known to be transmissive within 0.5 km of the hydrocarbon activity 4

Sources of information
Conceptual model (Sectich22.2).
Confidence

1 High = faults proven in nearby borehole or at outcrop, on seismic sections, or eV
of fault behaviour
1 Medium = faults inferred from geological maps or memoirs

4.6 MINES

Mines, for coal and other minerals, can create voids in the subsurface which can provide multiple
pathways for contaminants over relatively laxggumes(Ward et al., 2015; Monaghan, 2017).

The footprint of wids from ®al mines can be 50,000 to 200,000 in area (Younger, 2016).
Younger (2016) states that minewater discharges overwhelmingly occur via anthropogenic mined
features such as shafts, adits or boreholes.
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Mining also impacts the characteristics of the surrounding rock, forming an anthropogenic aquifer
(e. g. O6 Dochartaigh et al ., 2015) . Longwal |
length, and 400 m in width) is mined in a single slice, alldvesmine to collapse within two to

three years of coal extraction, forming voids filled with goaf (broken rock) (Younger, 2016). As a
result of the collapse, bgghrallel fractures can form up to 20 m above the roof of the mined seam
(or 1/3 of the distace between underground mine roadways which are typically 100 to 200 m).
This fractured zone is overlain by a zone of net compression (and reduced permeability) of up to
1/9 of the distance between the roadways which isolates an upper extensional zengaaofeh
thickness (Younger, 2016jones et al. 2004) estimate that the ggmeability of seams and
surrounding strata is increased up to-260 m above rad 4670 m below worked seams as a
result of previous longwall mining\Nevertheless, Younger (2016) pemts the case at Selby
Coalfield, Yorkshire, where mines were developed at depth with no connections to shallower
workings and o6compl et e d -duyaderhpgdiodeolagical emvardonment. o n
Stoop and room mining, in which pillars aré i@ place and coal mined from around these, can

be stable for many years before collapsing (Younger, 2016).

The statutory standff interval between longwall workings and the seabed or aquifer is 105 m,
reducing to 45 m for supported methods of minindg have been extensively tested including in
flooded old workings with head gradients of up to 200 m (Younger, 2016). The current UK
criterion for safe longwall mining induced net tensile strain at the base of any overlying aquifer is
100 mm per m, thus aimmum of 60 m of interburden is required regardless of the distance
between roads (Younger, 2016).

Hydraulic fracturing of the Marcellus shale is undertaken beneath active coal mines in Kentucky,
Pennsylvania and West Virginia in the USA with a vertisaparation distance of ~ 2200 m
(Monaghan, 2017). Regulations ensure the special casing and plugging of boreholes threugh coal
bearing intervals and well plans must be made available to coal operators when the mine is within
90 m of a well, but there ar@megulations regarding separation distances (Monaghan, 2017).
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Mines

This factor accounts for the vertical and lateral proximity of the hydrocarbon activity to n
The distances correspond to lateral separation distances based on the horizotgadfextgn
volume hydraulic fractures. e shafts can be deeper than the worked coal seams (Mona
2014). There are three possible ratinbshle4.8).

Table 4.8 Lateral and vertical distances to mines in the AOIScores are preliminary.

Rating Weighting
(n) (W)

Intrinsic vulnerability parameter range

No known mine (and assumed to be absent) within 2 km of

maximumlateral extent of hydrocarbon activity, or 600 m verticall 2

Known mine within 0.8 km of the maximum lateral extent of 1 8
hydrocarbon activity, and/or 600 m vertically

Known mine within 0.5 km of the maximum lateral extent of 2

hydrocarbon activityand/or 200 m vertically

Sources of information

ArcGIS layers have been provided in the digital dataset showing the locations where th
likelihood of either coal or nenoal mines. More information may also be available from
mine plans from Th€oal Authority, the uncertainty in the location of mines from the min
plans is expected to be < 1 m for depth on-8@8 Century plans, with a slightly larger
uncertainty on spatial extent (Monaghan, 2017).

Confidence

High = mine plans have been recordadEngland since 1873 and by the"2Century the
standard of these was high. Uncertainties exist for shallower (typically < 150 m depth, r
300m bgl) mine workings prior to the 1870s (Younger, 2016).

Medium= ArcGIS layers provided in the digitatdset.

4.7 PRE-EXISTING BOREHOLES

Boreholes drilled into the subsurface create potential pathways for contaminants to a receptor.
While deep hydrocarbon and minelaireholes are generally completed to prevent leakage, with
both steel casing and cement bonding, borehole integrity failures (defects in steel casing, holes in
casing joints, mechanical seals and cement e.g. Jackson et al., 2014) ca3toodalhydraulic
fracturing operationsin the USA involved a downhole mechanical integrity failure (EFRA,
2016).Davies et al. (2014) present data from around the worlthe percentage of boreholes
(including production, injection, idle and abandoned borehdhes)hiave some form of borehole
barrier or integrity failure. Percentages range from 1.9 % (onshore, nationwide CCS/natural gas
storage facilities, dates unknown, including well integrity failure only, described as significant gas
loss, for 470 boreholesp t75% (onshore, operational wells in the Santa Fe Springs Oilfield,
discovered 1921, including well integrity failures, leakage based on the observation of gas bubbles
seeping to the surface along well casing for more than 50 wells). The probabilityebbleor
integrity failure depends on the quality of completion (which will vary over time), the age of the
well (degradation) and the exploitation processes but the high variability in recorded barrier or
integrity in Davies et al. (2014) also reflects diffieces in classification of failure (e.g. well, single
barrier, significant or bubbles), geological setting and importantly regulation (e.g. Thorogood and
Younger, 2015; Davies et al. 2018)t 143 active wells producinigp the UK at the end of 2000,
onehas evidence dioreholeintegrity failure (Davies et al., 2014).
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In many areas of hydrocarbon interest, there may be existing boreholes which can provide
pathways for contamination if they are not properly sealed (for example the casing or cement) or
havehad a loss of integrity over time (Jackson et al., 2013a; Ward et al., 2015). Borehole leakage
rates range from 2% to 50 % in the UK (Davies et al., 20fLldpandoned, boreholes might not

be monitored and the integrity of their casing will be unknownthie UK there were2152
hydrocarbon wells drilled onshore between 1902 and 28 avnership of up to 53%f these

wellsis uncleatodayand between 50 and 100 arplanedDavies et al., 2014).

Hydraulic fracturing has been shown to impact on adjaeells US EPA, 2016). In Alberta and
British Columbia, 5349 horizontal wells were drilled between 2009 and 2012 and there were 39
reported cases okellbore connectionwith existing oil and gas wells, 95 % of which were
producing in the same geologiciurAlberta requires that locations of existing oil and gas wells

be identified and their capability to sustain increased pressures be verified prior to hydraulic
fracturing (Lefebvre, 2017).
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Pre-existing boreholes

This factor accounts for the verticahd lateral proximity of the hydrocarbon activity
boreholes.The distances correspond to lateral separation distances based on the hg
extents of high volume hydraulic fracturd3eep boreholes can be deviated and hence sh
be corrected tate vertical depth and also the geographic location of the base. There ar|
possible ratingsTable4.9).

Table 4.9 Lateral and vertical distances to boreholes in the AOIScores are preliminary.

Rating | Weighting
(n) (w)

Intrinsic vulnerability parameter range

No known boreholes (and assumed none present) within 6

vertically or 2 km laterally of hydrocarbon activity 2
Known boreholes extending to within 600 m vertically, and/of20
L 1 4
km laterally of hydrocarbon activity
Known boreholegxtending to within 200 m vertically, and/or 0.5 k 2

laterally of hydrocarbon activity

Sources of information

ArcGIS layers have been provided in the digital dataset showing the position of mines
boreholes (including those held confidentially) over 400 m in depth. The depth and logj
open access boreholes can be viewed via the BGS Geology of Britewer
http://mapapps.bgs.ac.uk/geologyofbritain/home.htmlSome | ogs ar e

protectdo and although not freely avai org
hydrocarbon (management protect) bor eh
website https://www.ogauthority.co.uk/datzentre/accest-informationandsamples/
Information for water (management protect) and other (management protect) borehg
available on requedtom BGS or may be available to the EA from other sources. G
confidential boreholes, included in the layer may also be avaitabiie EA on request to BGS

Confidence

High = borehole records are kept across England and although it is known that not all b
records are sent to BGS (e.g. closed loop ground source heat pump holes), this is unlik
the case for deeper boreholes, therefore the confidence is high.

Medium or Low = unlikely due to the available records

5 Specific vulnerability

Specific vulnerability accounts for both intrinsic vulnerability and factors that do not pertain to the
intrinsic vulnerability of the receptor, but which would influence tiskto apotential receptor

from a hydrocarbon activity i.e. the hazards. Hazard factors include the extraction mechanism of
the hydrocarbon (b and the local groundwater head gradient that might drive floyv Rdnkings
(numeric, representing a nier of possible categories) and confidence levels (high, medium, low)
are applied to each factor. A highemnkingimplies a higher hazard. Both hazard factors are
multiplied by the intrinsic vulnerability score to produce a specific vulnerability score.

The following section briefly describes tlpecific contamination pathways associated with
conventional and unconventional hydrocarbon extraction technigresding the background to
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the H scores More information on the history and characteristictheftechniques can be found
in Appendix5. Potential driving force¢H>) arethendiscussednd the methodologies for each
hazard factor presented at the end of the respective sections.

5.1 CONVENTIONAL OIL AND GAS

In conventional oil and gas extractiorgréholes are drilled into a reservoir and oil and/or gas
flows to the surface under natural press&®@$ 2011) Figure5.1). Conventional reservoir rocks

are commonly sandstone or limestone with a relatively high porosity and permeability (from 1 mD
to several D), allowing the oil and gas to flow. Hydrocarbonse lelower density than other
crustal fluids and therefore migrate upwards through permeable rockcemydliscrete pathways.

The hydrocarbons are prevented from further migration by low permeability traps such a
geological fault or low permeability cok uni t behaving as a o6écap
accumulation of hydrocarbons within the pore spaces of the reservoir. Where both oil and gas are
present, gas overlies oil due to its lower den@ttgure5.1).

The main potential pathways for contaminatwising fromconventional oil and gas reservoirs is

the boreholenfrastructureandotherexisting/abandoneboreholes in the arg&igure5.2). This

Is becauseanventional hydrocarbons can be exploitedireas with a lage number of existing
boreholesWell integrity failure is also possiblengservoir stimulation techniques are used, such

as lydraulic fracturing oenhanced oil recoverfEOR) (Ward et al,2015).Additionally, pressure

or permeability changes within the reservoir, perhaps due to stimulation techniques might also
alter the bedaviour of the fault or cap rock behaviour with respect to fluid movement and
potentially allow leakge(Figure5.2).

Sincehydrocarborreservoirs have relatively tgporosity and permeability, the same rock unit
could be an aquifer at shallower depths, and therefore, mass transfer is possible within the unit
towards the aquifewhere in continuity
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Figure 5.1 Simplified diagram of conventional hydrocarbon extraction. Aspects of the
diagram are not to scale due to drawing limitations, such as the borehole width. 400 m
indicates the maximum depth of groundwater bodies designated in the UK for management
under the WFD (UKTAG, 2011). Reservoirs may be present at a range of depths and there
may be multiple reservoirs in a section.
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Figure 5.2 Simplified diagram of conventional oil and gas extraction from a reservoiwith
associated potential contamination pathways. Aspects of the diagram are not to scale due to
drawing limitations, such as the borehole and length of pathway400 m indicates the
maximum depth of groundwater bodies designatedn the UK for management wnder the

WFD (UKTAG, 2011). Pathways are labelled as follows; F is fault, LC is leaky casingH

is existing boreholes
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5.2 SHALE GAS

Shale gas and shale oil are extracted directly from organic rich qlrédese 5.3). The low
permeability of shales (<0.001 to 0.0001 mD) (CSUR, 2016) means that a proportion of gas or oll
produced from the organic material in shales is trapped within the pore spaceanGéso be

bound to the matrix by adsorptio@ther tight (low permeability) reservoirs (such as limestones

or siltstones) are also often called shale gas reservoirs even through the rocks do not contain a high
enough proportion of clay minerals to gengrabe called shales (Lefebvre, 2017). The
permeability of tight formations ranges fronD01to 0.1 mD (Naik, 2003). Similarly to shales,

tight formations have small pore throat apertures-1{0.pim) and low delivery rates (Aguilera &
Harding, 2008) and posity of less than 10% (DECC, 284).

Shale gas is extracted via a borehole, which may be deWatad/erticalandbr have horizontal
sections within the sha{&allegos and Varela, 2013jigh volume hydraulic fracturing (fracking)

is used to increaghe permeability of the shale, allowing gas to flow from the shale to the borehole.
The processnvolves injecting a high volume dafrack fluidd (water containing a propparéand
chemical additives) into the borehole under a very high pressure in orétactiare the rock
surrounding the well. Thesaducedfractures increase the shale porosity frorh0% to 35%
(Brownlow et al., 2016)The fractures are kept opéry theproppant (sand or ceranhead$ after

the boreholes depressurisetb allow the gasto the surface. The chemical additives are used to
optimise the efficiency of the hydraulic fracturing proc€dse Royal Society, 2012Hydraulic
fracturingis not always required for oil productidrom tight formationgUS EPA, 2016).

There are aumber of potential pathways for contamination from shale gas exploitation. There is
no requirement for a cap rock because the gas is trapped in the rock unit. Therefore, once gas is
released, transport of gas and fluid through the rock mass is possdiee6.4). There are no
characteristic proximities between shales (or tight formations) and aquifeéhe US, 90% of
disclosed wells hadertical £paration distanssbetwee880 m and nearly 4 kifyS. EPA, 2016)
although the US Well File Review found th2®% of wells had < 600 mvertical separation
betweenthe shallowest point of fractures artie base of aquifer (protected groundwater
resources &sed on well authorisation documents and aquifer m&fS)EPA 2015). InNew
Albanythe vertical separation ranges fr@mto 490 m between source and aquded from ~ 3

km to 4 km between aquifers and tHaynesvilleBossiershalesUS EPA 2016).In the UK a
minimum depth of high volume hydraulic fracturing was set at 1 km in the UK Infrastructure Act
(2015), which means that there is admiaumum
maximum depth of designated groundwater bodies as indibgted)KTAG (2011) and shale gas
hydrocarbon source unit formations.

Shales and tight formations aret commonlyaquifess due totheirlow permeability (Aguilera &
Harding, 2008)However, vaterbearing zonesan be present within shales or tight formations
where depositional settings led to localised or transitional silt/sandstone or limestone deposition
For example, in Pavillion, Wyominghe Wind River Formation is the principal source of
groundvater and also one of the main gasydrocarbon source usitContaminationof the
groundwater heris thought to haveccurred because stimulation fluids were directly injected into
waterbearing units, but there was also casing failure at five production whkith probably
allowedmigration into watetbearing urtis (DiGiulio and Jackson, 2016).

Because of the high density of boreholes in areas where shale gas is being exploited in comparison
to conventional hydrocarbons, there are more likely to be existing boreholes in the vicinity of new
boreholes. The presenoé horizontal boreholes increasthe likelihood of the path of the new
borehole being close to existing boreholes.

Ingraffea et al. (2014) found a siald higher incidence of cement and/or casing issues for shale
gas wells relative to conventional welfrom analysis of 75,505 compliance reports from
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Pennsylvania, 200Q012. Borehole integrity failures may be more common when boreholes are
used for high volume hydraulic fracturing due to the different geometries (longer and sometimes
curved) and high iames and pressures involved in the hydraulic fracturing process (e.g. Jackson
et al., 2014). It is also difficult to maintain casings centred in the horizontal section of boreholes,
which makes it difficult to ensure a good cementation of the casingbflrefeet al., 2017).
Integrity failuremay also occudue to groud movemenand seismic events that could be triggered

by hydraulic fracturing (Ward et al., 2015).

In a study of 68 drinking water wells above the Marcellus and Utica shales in Pennsghvdnia
upstate New York, Osborn et al. (2011) found an increase in the concentration of methane with
proximity to shale gas boreholes when the boreholes were located within 1 km. Jackson et al.,
(2013b) also found a significant increase in methane and etbaoentrations in groundwater <

1 km from shale gas boreholes in Pennsylvania, ftdinsamplegincluding 60 from Osborn et

al. (201). They found no elevated methane in wells located more than 4 km from a borehole and
propane and ethane were generallgeaid in wells located alistances of more than 1 km.
Llewellyn et al. (201bpdocument a case in Pennsylvania where contamination in a number of wells
is likely to have been caused by high volumeKrthgids escaping from a shale borehole into an
aquiferdue to high pressurddeilweil et al. (2015) found fugitive gas in a groundwater fed stream
close to a Marcellus shale well under investigation for sfjes/

Fontenot et al . (2013) found that a number
Contaminantimit in some wells within 3 km of active natural gas weltepfi 100testeddrinking

water wells overlying the Barnett Shale, Texas. Lower levels were detected outside of the Barnett
Shale region and > 3 km from active natural gas wells. The randonbudlisin could, however,

point to a number of causes, including the mobilisation aifinally occurring constituents,
lowering of the water table or faulty drilling equipment and well casings.

Darrah et al. (2014) identified seven discrete clusters offegias contamination from shale gas
wells, from 113 groundwater samples from the Marcellus Shale and one cluster from 20 samples
from the Barnett Shale. They identified the cause of four of the clusters was due to failure of
annulus cement, three faultygduction casing and one to an underground gas well failure.

It should be noted that there are also numerous studies where high concentrations of methane in
drinking water have been attributed to natural processes rather than wells (e.g. Molofsky et al.,
2013;Christian et al., 2018/en et al., 2016; Harkness et al., 2017; Nicot et al., 2017a; Nicot et

al., 2017b; Nicot et al., 2017ward et al., 201)7and may be expected in areas where gas exists

in the subsurfacar no significant increases of thernamic methane were identified (eWarner

et al., 2013McMahon,et al.2015. This may reflect the time taken for contaminant migration, or
different geological conditions or well completion characteristics. In addition to the size and nature
of datasetsinalysed (Li et al., 2016l parts of northern England legacy deep coal mines occur
above shale gas resources. These may, in some places, be an additional contamimaté@nd
pathway (Monaghan, 2017).
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Figure 5.3 Simplified diagram of shale gas extraction. Aspects of the diagram are not to scale
due to drawing limitations, such as the borehole widtr400 m indicates the maximum depth
of groundwater bodies designatedn the UK for management under theWFD (UKTAG,
2011).Hydrocarbon source rocks may be present at a range of depths. Hydraulic fractures
are schematic, with heights based on investigations of hydraulic fracture heights by Davies
et al. (2012) mostly from North American data. They show a stalard vertical height of 100

m and a maximum of 600 m (Sectiob.2).
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Figure 5.4 Simplified diagram of shale gas extraction from a reservoir with associated
potential contamination pathways. Aspects of the diagram are not to scale due to drawing
limitations, such as the borehole and length of pathway400 m indicates the maximum
depth of groundwater bodies designatedn the UK for management under theWFD
(UKTAG, 2011).Pathways are labelled as follows; R is transport through the intervening
rock mass, LC is leaky casingBH is existing boreholes, F is fault, Hiks Hydraulic

Fractures and HF/F shows Hydraulic Fractures intersecting a fault. Hydraulic fracture
heights are drawn to scale, most are less than 100 m in height and can be up to 588 m in
height.
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5.3 CBM

Natural gascan bebound wthin coalseamsby adsorgbn in which gas molecules adhere the
surfaces within the coal. This gas can be extracted in situ, i.e. directly from coal (Eéguns
5.5).

For the extraction bCBM a boreholeis drilled into the coal seam and water is pumpedirout
order b lower the pressure in the se@iones et al., 2004)h some cases, particularly where there
has previously been mining, cdagaring strata may already @iewatered (AlJulori et al.,2009).
The lowering of pressurallows methane to desorb from the internal surfaces otahéand
diffuse intocleas (fractures within the coaljhere it is able to flow, either as free gas or dissolved
in water, towards the production w¢lDECC, 2013hb)A good permeability is necgsary to allow
flow of gas to the production well during CBM productionituBiinous coas can have
permeabilities ofl mD, sometimesip to 30 mD although this sften anisotropic (Jones et al.,
2004). Permeability can be imparted by cleats, and in some cases this may be as0lgmn@s
for example in the San Juan basin in thé&., where natural production rateare similar to
conventional reservaAl-Jubori, 2009)While the grmeabilityof coal seamm the UKis likely

to be low (Jones et al., 2004) adhelcreasevith depth (Moore, 2012) |leatsare common (due to
their age) and camcreaseoal seanpermeability (EA, 2011 In areas of prexisting mines, the
permeability of coal seams and surrounding strata is increased duectocollapses associated
with longwall mining;this can beup to 166200 m above and 400 m below the worked seam
(Jones et al., 2004).

Coal mine methane CMM) and #&andonedmine methame (AMM) can be considered as
subdivisions of CBM. CMM involves the removalmkthane from a working mine to enable safe
mining, by capturingit at high concentrations. n t h eost driinagéo6 faveuredin which
methane is captured from strata above and below workedsseasuction pumps (EA2014).
For deep, gassy longwall mines, borehaesdrilled at an agle above and sometimes below
worked seams (EA014) Boreholes may also enter the seams from irtbielenines (Karacan et
al., 2011) AMM recovers gas that accumulateabandonednines which would otherwise find
its way to the surfaceBoreholesare drilled into underground roadways or former workings.
Drilling may be used to linkadjoining mines andmprove connectivityand toaid minewater
drainage away from production zon@&sA, 2014).In AMM, gasis also releaseda suctionpumps
(EA, 2014).

Coal seams in the UK are often interspersed with secondary aquiféne. US, formation fluids

in coal neasures areften withinthesalinity threshold for some definitions of drinking water (US
EPA, 2016) CoalMeasures are aldocated in proximity to freshwater aquifesl-Jubori et al.,
2009)in England, as they are often direatlyerlain by Permdriassc principal aquifers (Jones

et al., 2004).Therefore, contaminants do not have to travel far from coal activities to reach a
receptor. In addition, because CBM can take place at only 200 m bgl, this could be shallower than
a receptor.

Many hydrocarbon soce units for CBM in the UK are close to coal seams that have previously
been worked and may have a high density of mines and abandoned bor€igoieb6). They
are also generally highly fractured and faulted.

Hydraulic fractures are not necessary for CBM, although in England, despite coal beds being
relatively well fractured due to a longskory of tectonic deformation, permeability is relatively

low. Hydraulic fractures for CBM are generally not created through high volume hydraulic
fracturing and therefore are expected to be smaller in extent. In addition, because the hydrocarbon
source uit is often shallower than 600 m bgl, they are more likely to be horizontal fractures than
vertical.
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De-gassingof coal seamsould result in matrix shrinkage and formation of cleats (Moore, 2012)
andassociatedepressurisatiowithin the subsurfaceasresuledin instability/subsidenceutside
England in relation to CBMEA, 2014).
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Figure 5.5 Simplified diagram of CBM. Aspects of the diagram are not to scale due to
drawing limitations, such as the boehole width. 400 m indicates the maximum depth of
groundwater bodies designatedh the UK for management under theWFD (UKTAG, 2011).
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Figure 5.6 Simplified diagram of CBM with associated potential contamination pathways.
Aspects of the diagram are not to scale due to drawing limitations, such as the borehole and
length of pathways. See key for contamination pathway400 m indicates the maximum

depth of groundwater bodies designatedin the UK for management under theWFD

(UKTAG, 2011).Pathways are labelled as follows; R is transport through the intervening
rock mass, LC is leaky casing, BH is existing boreholes, F is fault, HF is Hydraulic
Fractures.

54 UCG

UCGis the procesm whichoxygen and steawor waterareinjected into a coal seam vaborehole
resuling in the partiain-situ combustion of coal to produce a combustible gas mixture consisting
of carbon dioxidemethanehydrogenandcarbonmonoxide.The product gas is then extractad v
a producing wel(Joneset al.,2004). UCG relies on high permeability withithe coalin order to
allow links between the boreholes but saalEnglandare typically low permeability (Jones et al.
2004)(Figureb.7).
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As noted above folCBM, Coal Measures in England are often interspersed with secondary
aquifers. In the USprmation fluidsareoften withinthe salinity threshold for someedinitions of
drinking water (L EPA, 2016)Coal Measures are alkiated in proximity to freshwater aquifers
(Al-Jubori et al., 2009)n England and are often directbyverlain by Permdriassicprincipal
aquifers (Jones et al., 8@). Therefore, contaminants would be closer to a potential receptor. In
addition, because UCG can take place at only 200 m bgl this might be shallower than a receptor.

Many possiblehydrocarbon source units for UCG in England are close to coal seanmaveat
previously been worked and may have a high density of mines and abandoned bdreinales (
5.8). Because of the age of the Coal Measures in the UK, they argeaaisrally highly fractured
and faulteddue to their deformational histarit has been suggested that UCG should take place
> 45 m from faults (Shafirovich and Varma, 20@9ce faults might provide pathways for
contamination

Because a cavity is generally created with UCG, gronstabilitiesand subsidence are common
(Burton et al., 2006)This causes increased fracturing around the cavity and caus# borehole
deformation(Figure5.8) (Burton et al., 2006; Bhutto et al., 2Q%&hafirovich and Varma, 2009)

Contaminant ransport may be enhanced due to convection from increased temperatures and
pressures (Burton et al2006). However, groundwater monitoring took place at Chinchilla,
Australia, and did not reveal any contamination (Jones et al., 2004).
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Figure 5.7 Simplified diagram of UCG. Aspects of the diagram are noto scale due to
drawing limitations, such as the borehole width. 400 m indicates the maximum depth of
groundwater bodies designatedn the UK for management under theWFD (UK TAG, 2011).
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Figure 5.8 Simplified diagram of UCG with associated potential contamination pathways.
Aspects of the diagram are not to scale due to drawing limitations, such as the borehole and
length of pathways. See key for contamination pathway400 m indicates the maximum

depth of groundwater bodies designatedn the UK for management under theWFD

(UKTAG, 2011).Pathways are labelled as followsR is transport through the intervening

rock mass, LC is leaky casing, BH is existing boreholes, F sult, HF is Hydraulic

Fractur es,HF/F shows Hydraulic Fractures intersecting a fault, C is Convection.
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5.5 DRIVING FORCES

Extraction mechanism of hydrocarbon (H.)

This hazard factor results directly from the proposed hydrocarbon source and a
conventional oil and gas, shale gas, UCG an®/IC&nd the specific techniques that will |
employed. It identifies the possible release mechanism of contaminants associatg
particular hydrocarbon activities resulting from the expected changes to the subsurfa
increasing the permeabilithueto the creation of new flow paths or convection of contaming
due to increased pressure and temperature. There are five possible hazard rBalziegd).

However, this are indicative, and a variety of other stimulation mechanisms (e.g. radial
or maintenance of reservoir pressure by injection of fluid into the oil dbegmsng forméaon)

can also occur.

Table 5.1 Hazard factor H1, stimulation mechanism from proposed hydrocarbon
activities. Scores are preliminary.

Hazard parameter Parameter
ranking

Permeability enhancement and increasgressure and temperature (UCG) 5

Permeability enhancement from high volume hydraulic fracturing (e.g. shal 4

Permeability enhancement from low volume hydraulic fracturing 3

conventional oil and gas with hydraulic fracturing)

Water tabldowering and depressurisation (CBM) 2

No permeability enhancement (passive) for conventional oil and Tdas.

includes injection of fluid to maintain reservoir pressure (without hydra 1

fracturing)

Sources of information
The proposed releaseechanism should be readily available from the licence application
Confidence

Because the release mechanism will be available from the licence application a high cor
score can be assigned to this parameter.

Whilst the presence of pential pathways and the characteristics of rocks between the source and
receptor may conbute to the vulnerability of eeceptoy a mechanism of transport is required for
contaminatiorto actually occur, i.e. to present a risk. Contaminant transpotianens include
diffusion and advection. Diffusiors likely to be slow and not very significant with the distances

and concentrations of chemicals involved in these processes compared to advection, which can
transmit a greater volume of contaminants. Adioe requires a driving force to make
groundwater flow (e.g. Flewelling and Sharma, 2014).

In the majority of cases, the receptor will overlie the source and an upwards driving force will be
required for contamination. Flewelling and Sharma (2014) ards8ll et al. (2015) suggest that,
generally, vertical hydraulic gradients are small and densities of deep fluids are high, preventing
upwards migration. Contamination from methane and other light gases is more likely than from
heavier ones due to theirdyancy. In England, groundwater flow paths tend to be controlled by
topographic flow; from recharge areas in uplands (with high hydraulic head) to discharge areas in
lowlands (with low hydraulic heads) (Downing et al., 1987). On a regional scale, this thaan

there is likely to be a downwards gradient at the margins or sides of a basin, and below OD
(Ordnance Datum) there is likely to be an upwards head gradient in the centre of a basin. Other
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factors to consider include fluid buoyancy, palaeoflow systamd compacting sediments as
discussed in Bethke (1989). There is little evidence of natural overpressurisation reported in
England (e.g. DECC, 2013a). However, eopeessurised gas was encounteiredhe Hatfield

Moors Gas Field in 1981 (Thorogood anduviger, 2015). Fluids are also known to flow from

depth to the surface in some places, such as the hot springs at Bath and Buxton. High hydraulic
heads seen at about 1,100 m bgl in the Sellafield area have recently been explained by relict heads
from a wetbased ice sheet over the area (Black and Barker, 2016). Often the rate of upwards
groundwater movement may be very low, taking in the order of thousands of years in deep basins
to reach the surface, making it difficult to identify such fldes. Llewellyn, 2014;Vengosh et

al., 2014)

Some of the hydrocarbon activities listed above change subsurface pressures and provide an
external driving force. During hydraulic fracturing, reservoir pressures are typically increased to
about 15 MPa above virgin resenvpressure, increasing hydraulic head by 1500 m (Brownlow

et al., 2016). This pressure increase can drive fluids away from the stimulated zone into the
surrounding rock and possibly through preferential flow pathways. However, during production,
flow-backoccurs and hydraulic heads are relaxed slightly (Brownlow et al., 2016). The time over
which high heads are sustained is not well known. Lefebvre et al. (2017) and others suggest that it
is unlikely that overpressures will be maintained after the pramtucti a shale gas reservoir has
finished. Brownlow et al. (2016) suggest that the increased heads of 1500 m during hydraulic
fracturing decreased to nominal head values after 1 year, and decreased by aGQrtheafter

15 years, inducing flow towardsehwell, consistent with other simulations and observations in

the Eagle Ford shale, Texas. It should be noted that head propagation occurs over shorter
timescales and greater distances than fluid migration (Brownlow et al., 2016).

The dewatering processsagiated with CBM lowers the water table and can create a zone of
depressurisation around the borehole. This can mobilise gas and other contaminants from the
source rock; however, generally the pathways will be towards, rather than away from, the borehole.

With UCG, convection of fluids surrounding the coal seam can be induced due to the high
temperatures and pressures. This can force contaminants away from the source and towards a
receptor.
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Head gradient driving flow (H2)

This hazard factor identifies natural groundwater head gradients which would act as a
force for fluid flow and/or contamination from the hydrocarbon source towards the rece

The key factors are the direction and rate of groundwater flowqitAgloA natural groundwate
flow direction from the hydrocarbon source towards the receptor incrélasespecific
vulnerability of the potential receptdhere groundwater flow is from the receptor format
towards the hydrocarbon source this decretisasilnerability of the potential receptor. The
are two possible parameter ratingsifle5.2).

For most AOQIs, there is likely to be very limitedtd from which a head gradient, or ev
direction, can be inferred at depth. There is more information available for head gradi
shallower (< 200 m) depths which can indicate groundwater flow directions in shallowen
If there is sufficient infamation it might be possible to infer the depth to which this applig

At some sites, local hydraulic gradients have been measured, for example at H
Oxfordshire, to 350 m depth (Alexander et al., 1987) and Sellafield, Cumbria, to 2000 m
(Black and Barker, 2016). Downing et al. (1987) present conceptual models cktaige
regional groundwater flow, with some identification or supposition of upwards/downy
flow for; the Eastern Province, Hampshire Province, Severn Province, NorthwesicBrov

Regional head gradients in the centre of basins at depth, where hydrocarbon sou
commonly found, are often in the upwards direction. Therefore, in accordance wi
precautionary principle (e.g. EA, 2013) and unless there is contrary egjdba head gradiern
is assumed to be from the hydrocarbon source to the receptor (i.e. the worst case scen

Table 5.2 Hazard factor Hz, head gradient driving flow from hydrocarbon source.Scores
are preliminary.

Hazard parameter Parameter rating
Head gradient from hydrocarbon source to receptor or unknown 2
No head gradient from hydrocarbon source to receptor 1

Sources of information

There is generally limited site specific information for hydraulic gradients at depth fo
locations in England; however, some does exist in the literature, including:

1 Harwell, Oxfordshire; groundwater flows into the Corallian Group upwimaaigh
the Oxford Clay Formatiofrom the Great and Inferior Oolite Groups and downwa
through the Gault Formation, Lower Greensand FormatnaiKimmeridge Clay
Formationfrom theChalk Group and Upper Greensand Formation (Alexander et
1987).

1 Sellafield, Cunbria; groundwater flows between the Borrowdale Volcanic Group :
the Sherwood Sandstone Group (Black and Brightman, 1996; Heathcote et al., ]
McKeown et al., 1999; Black and Barker, 2016).

1 Selby coal mine, Yorkshire; highest measured head was haticas relation to the
overlying ground surface (Younger, 2016).

Drilling logs might contain useful information on hydraulic head including unexpected ch
in pressure such as overessure or loss of fluid. Where such information exists, they €3
used for locations within their immediate vicinity.
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Head gradients can be inferred from hydrogeological evidence such as the presence of
springs, for example from the Carboniferous Limestone Supergroup at Bath and Hq
(Bristol), Buxtonand Matlock.

Conceptual models of groundwater head gradients and groundwater for England are p
by Downing et al. (1987) with some supporting data.

Hydrogeological maps can provide information on shallow groundwater heads which n

useful in ome locations (seq

http://www.bgs.ac.uk/research/groundwater/datainfo/hydromaps/hydro maps
scanviewer.html

Environment Agency groundwater models.

Confidence
1 High =site specific information such as Harwell, Sellafield, thermal springs, drillif
data
1 Medium or low = inferred head gradients or regional groundwater flow e.g. Dowr
et al. (1987)
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6 Risk Group

The risk groupRG) takes into account the receptor importance and the specific vulnerability to
produce elassificationof eitherlow, mediumlow, mediumhigh or high Table6.1). The risk
group classifications arpreliminary, and will require adjustment, as will the scoring of the
parameters within the assessment.

A confidence levels also assignedthe lowest of all confidence levels assigned to each factor in
the intrinsic andpecific vulnerability assessments. Toenbination ofisk groups and confidence
levels can be used to identify sites where further information is redoiredsessment

For a receptor <classified as 6DO6 ctlassfiedrass k ¢
unproductive and/or has a TDS of > 35,000 Imigy/is therefore a low priority for protection.
However, receptors that are classified as 06A
impacts of contamination would lgeeaterRecepp r s cl assi fied as O0A6 ar
low specific vulnerability scores would result in these receptors being in a medium/low risk group.

Table 6.1 Risk groupings based on specific vulnerability ad potential receptor
classification Classifications arepreliminary only.

Specific vulnerability score
Potential
receptor <250 250500 500-750
classification

A Medium/Low | Medium/High
B Low Medium/Low | Medium/High
C Low Low Medium/Low | Medium/high
D Low Low Low Low

6.1 BASELINE METHANE

Methang(natural gas)s commonly found at trace levels as a dissolved component in groundwater.
Methane igproducedvy both natural processes and anthropogenic activities. Thermogenic natural
gas is produced through thermal decomposition of organic natggnificant depthMethane

can also be produced by biogenic processes (bacterially) at much shallower depths. Because
natural gas is buoyant in geological environments, if a pathway ekisés&y move upwards and
accumulate at shallower depths. Natural gas found in small, uneconomic quantities in shallow
zones may have originated in place or may have migrated upwards, and is often referred to as stray
gas. Anthropogenic activities that cgaroduce or release methane include coal mining or landfill
operations.

There are certain environments in which methane might be naturally high, such as peat bogs,
wetlands, lake sediments and landfills or even confined groundwater bodies (Bell et@&l., 201
Ward et al., 201)7 Geochemical analysis can indicate whether the methane is from a shallow,
biogenic source or a deeper, thermogenic source. In the latter case, it is possible that there exists a
pathway for contamination from depth to the surfaceroumgdwater body of interest and this
should be noted as part of the vulnerability assessment. Where this is not clear, it should also be
considered as a possible release from depth since this may be evidence for a higher vulnerability
area with a potentialriving force and pathway. This should be considered in conjunction with the

risk assessment.
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Bell et al. (2016) consider the concentration of methane in water ofy@gl0@s high. This
concentration represents the Lower Explosive Limit (LEL) (5% bywa) in a confined space.

Source of information

Information is available fromhe National Methane Baseline report (Bell et al. 2016) and
http://www.bgs.ac.uk/research/groundwater/shaleGas/methaneBaseline/hom&btailise of
thescalomf the National Met hane Baseline survey
data. It is therefore recommended to consider regionasetgtéor e.g on the basin/subasin
scale(e.g. Weald/Wessex basins)
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7 Scenarios

In all case studies, a simple configuration of a vertical borehole drilled to the depth of the
hydrocarbon source unit was used, with the option for laterals in the case of shale gas and Coal
Bed Methane (CBM). It is recognised that, in reality, hydrocarlctivities are much more
complex and the activities and geometries of thessuface infrastructure should be assessed
according to the best information available.

Examples of the use of the methodology for conceptual scenariosxpitietechigh and bw risk

are presentedCase studies demonstrate how the 3DGWYV methodology could be used as part of
site-specific risk screenings and to show the range of results which might be expeaieas of
England where hydrocarb@ource ung existand are inclded in AppendiX6. They are based on

real data for each of these ardag#the case studies are generic and as such a precise site location
has not been specified.

7.1 HIGH AND LOW RISK EX AMPLES

The highest risk scenaris likely to involve UCG exploitatia as this has been identified as the
activity with the highest hazard (Sectibn This scenario is shown below. However, since UCG

is unlikely to be undertaken onshore in the UK in the near future, the hypothetical highest risk
scenarios for shale gas fénighest hazard rating, but constrained to > 1000 m bgl) and CBM
(lower hazard rating than shale gas but no depth constraints) were also tested.

7.1.1 High risk example, UCG

The high risk scenario for UCG is described able7.1, which is based on the conceptual model

in Figure7.1. The scoring for the intrinsic vulnerabilityéhazard is shown ifiable7.2 andTable

7.3. The intrinsic and specific viaérability scores and risk group are summarised at the bottom of
Table7.1. Both the limestone aquifer and coal measures are in the high risk group, and the specific
vulnerability score is the highest possible (985).

Transmissive fault zone Well connected fractures

Boreholes and mines /and solution features

Upwards head gradient / Contact horizontall
/ </ d

ﬂ Limestone aquifer

Coal measures

No vertical separation or
intervening mudstone units

Figure 7.1 High risk scenario for UCG. Red rectangle indicates UCG activitiedJnderlying
rocks are notassessed in this scenaridlot to scale.
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Table 7.1 Scenarioand intrinsic and specific vulnerability scores and risk groupfor UCG

high risk example

Hydrocarbon source and extraction method

Coal measures, UCG

AQI

2 km around vertical borehole

Geological setting

A limestone (fractured) aquife

r directly overlies coal measuegi(e7.1)

Potential receptors

Classification

Limestoneaquifer

A (principal aquifer <400 m bgl)

Coal measures

B (secondary aquifer < 400 m bgl)

Hazard Score

Release mechanism of UCG, permeability enhancement and increase in pressure
hydrocarbon temperature (UCG)

Head gradient driving flow | Upward fromcoal measures to limestone aquifer

Vulnerability

Vertical separation between
source and base of receptor

Calculated from the conceptual model, no lateral change

Lateral separation between
source and receptor

Calculated from the conceptual model,a@nge

Mudstones and clays in
intervening units between
source and receptor

No intervening units

Groundwater flow
mechanism in intervening
units between source and
receptor, including the
receptor

Well connected fractures in both the limestone and mealsures

Faults cutting intervening
units and receptor

A fault cuts all units and is known to be transmissive to fluids.
fault also results in the horizontal connectivity of the hydrocat
source unit and the aquifer.

Solution features in
intervening units and
receptor

Known to be present in the AOI

Anthropogenic features
mines close to site of interes

Known to be present in AOI

Anthropogenic features
boreholes close to site of
interest

Known to be present in AOI

Potential receptor Intrinsic Specific Risk group Confidence
vulnerability score | vulnerability
score
Limestone aquifer 98.5 985 High Medium
Coal Measures 98.5 985 High Medium

Table 7.2 Hazard factors for UCG high risk example. Hydrocarbon sourceis shown in red.

FACTOR Release mechanism of | Head gradient driving flow
hydrocarbon (H1) (H2)
GEOLOGICAL HAZARD
UNIT RANKING | CONFIDENCE | RATING | CONFIDENCE| SCORE | CONFIDENCE
Limestone
aquifer 5 high 2 high 10 | High
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’ Coal Measures‘

high |

10| High

Table 7.3 Intrinsic v ulnerability factors for UCG high risk example. Hydrocarbon sourceis

shown in red.
FACTOR Vertical Lateral separation Mudstones and
separation betweersource clays in
between source and receptor intervening units
and base of between source
receptor and receptor
WEIGHTING (w) 1.5 3 3.5
CONFIDENCE high medium high
GEOLOGICAL
UNIT
Limestone aquifer 8 12 4 12 5 17.5
Coal Measures 8 12 4 12 5 17.5
FACTOR Groundwater Faults Solution | Anthropogenic| Anthropogenic| Intrinsic
flow mechanism  cutting features in| featuresmines features vulnerability
in intervening | intervening| intervening| close to site of| boreholes | score
units between | units and | units and interest close to site of
source and receptor receptor interest
receptor,
including the
receptor
WEIGHTING
(w) 3 4.5 2 8 4
CONFIDENCE high high medium high High
GEOLOGICAL
UNIT
Limestone
aquifer 3 9 18 3 6 2 16 2 8 98.5
Coal Measures 3 9 18 3 6 2 16 2 8 98.5

7.1.2 High risk example, CBM

The high risk scenario f&€BM is described iTable7.4, which is based on the conceptual model
in Figure7.2. The geological setting is treame as for the UCG scenaridhe scoring for the
hazard is shown iffable 7.5 andintrinsic vulnembility in Table7.7. Theintrinsic and specific
vulnerability scores are summarised at the bottorhatie 7.1. The lower hazard score, due to
the release mechanism, results in a logm@ecific vulnerabilityscore andrisk group for both
geological units. Thé&mestone aquifeis in themedium/highrisk group and theCoal Measures
are in themedium/low riskgroup Thespecific vulnerabilityscores are 394 for both geological

units.
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Upwards head gradient

Transmlsswe fault zone
Boreholes and mines

Well connected fractures
and solution features

/ Contact horizontally

No vertical separation or
intervening mudstone units

Limestone aquifer

w

Coal measures

Figure 7.2 High risk scenario for CBM. Thick blue lines indicate CBM wells.Underlying
rocks are not significant.Not to scale.

Table 7.4 Scenarioand intrinsic and specific vulnerability scores and risk groupfor CBM

high risk example

Hydrocarbon source and extraction method

Coal Measures, CBM

AOI

2 km around vertical borehole

Geological setting

A limestone (fractured) aquifer directbyerlies Coal Measure&igure7.2)

Potential receptors

Classification

Limestone aquifer

A (principal aquifer < 400 m bgl)

Coal Measures

B (secondary aquifer < 400 m bgl)

Hazard Score
Release mechanism of Water table lowering and depressurisation (CBM)
hydrocarbon

Head gradient driving flow

Upward fromCoal Measureshale towards limestone aquifer

Vulnerability

Vertical separation
between source and base o
receptor

Calculated from the conceptual model, no latehainge

Lateral separation between
source and receptor

Calculated from the conceptual model, no change

Mudstones and clays in
intervening units between
source and receptor

No intervening units

Groundwater flow
mechanism in intervening
units betweensource and
receptor, including the
receptor

Well connected fractures in both the limestone and Coal Measure

Faults cutting intervening
units and receptor

A nearby fault is transmissive, which results in the horizg
connectivity of the hydrocarbon saerunit and the aquifer.

Solution features in
intervening units and
receptor

Known to be present in the AOI

Anthropogenic features
mines close to site of
interest

Known to be present in AOI
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Anthropogenic features
boreholes close to site of
interest

Known to be present in AOI

Potential receptor Intrinsic Specific Risk group Confidence
vulnerability score | vulnerability
score
Limestone aquifer 98.5 394 Medium/high Medium
Coal Measures 98.5 394 Medium/low Medium

Table 7.5 Hazard factor for CBM high risk example. Hydrocarbon source is shown in red.

FACTOR Release mechanism of | Head gradient driving flow
hydrocarbon (H1) (H2)
GEOLOGICAL HAZARD
UNIT RANKING | CONFIDENCE| RATING | CONFIDENCE| SCORE | CONFIDENCE
Limestone
aquifer 2 high 4 | high
Coal Measures 2 high 2 high 4 | high

Table 7.6 Intrinsic vulnerability factors for CBM high risk example . Hydrocarbon source

is shown in red.

FACTOR Vertical Lateral separation Mudstones and
separation between source clays in
between source and receptor intervening units
and base of between source
receptor and receptor
WEIGHTING (w) 1.5 3 3.5
CONFIDENCE high medium high
GEOLOGICAL
UNIT
Limestone aquifer 8 12 4 12 5 17.5
Coal Measures 8 12 4 12 5 17.5
FACTOR Groundwater flow,  Faults Solution | Anthropoge| Anthropogenic| Intrinsic
mechanism in cutting features in | nic features features vulnerability
intervening units| intervening| intervening| mines close| boreholes | score
between source| units and | units and to site of | close to site of]
and receptor, receptor receptor interest interest
including the
receptor
WEIGHTING 4.5
(w) 3 2 8 4
CONFIDENCE high high medium high high high
GEOLOGICAL
UNIT
Limestone
aquifer 3 9 4 18 3 6 2 16 2 8 98.5
Coal Measures 3 9 4 18 3 6 2 16 2 8 98.5
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7.1.3 High risk example, shale gas

The high risk scenario for shale gas is describ&dhble7.7, which is based on the conceptual
model inFigure7.3. The scoring for the hazard is shownTable 7.8 andintrinsic vulnerability

in Table7.9. Theintrinsic and specifizulnerability scores are summarised at the bottom of
Table7.7. Theintrinsic vulnerability of thelimestone aquifer and shake98.5 andte specific
vulnerabilityscore is 788Both units are in the higisk group

Table 7.7 Scenarioand intrinsic and specific vulnerability scores and risk groupfor shale

gashigh risk example

Hydrocarbon source and extraction method

Shale, shale gas with high volume hydraulic fracturing

AQI

4 km, 2 km around 2 km lateral boreholes

Geological seting

The minimum depth that high volume hydraulic fracturing is permitted onshore in the UK (1000
bgl) was used for the depth of the hydrocarbon source unit (shale). Similar to the UCG, a limesit
aquifer is the main receptor and directly overliesst@e (the sourceligure7.3).

Potential receptors

Classification

Limestone aquifer

A (principal aquifer < 400 m bgl)

Shale

B (secondary aquifer < 400 m bgl)

Hazard

Score

Release mechanism of
hydrocarbon (H1)

High volume hydraulic fracturing

Head gradient driving flow
(H2)

Upward fromshaleto limestone aquifer

Vulnerability

Vertical separation between
source and base of receptor

Calculated from the conceptual model, no lateral change

Lateral separation between
source and receptor

Calculated from the conceptual model, no change

Mudstones and clays in
intervening units between
source and receptor

No intervening units

Groundwater flow
mechanism in intervening
units between source and
receptor, including the
receptor

Well connected fractures in both the limestone sirale

Faults cutting intervening
units and receptor

A fault cuts all units and is known to be transmissive to fluids.
fault also results in the horizontal connectivity of the hydrocal

sourceunit and the aquifer.

Solution features in
intervening units and
receptor

Known to be present in the AOI

Anthropogenic features
mines close to site of interes

Known to be present in AOI

Anthropogenic features
boreholes close to site of
interest

Knownto be present in AOI

Potential receptor Intrinsic Specific Risk group Confidence
vulnerability score | vulnerability
score
Limestone aquifer 98.5 788 High Medium
Shale 98.5 788 High Medium
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Boreholes

N

Transmissive fault zone

7

Limestone aquifer /r

No intervening

mudstone units *—#

Upwards head grpdient

1

-

ety
et

s

-1000 m

=

Well connected fractures
/ and solution features

Contact horizontally

Figure 7.3 High risk scenario for shale gasShale unit is pink, thick blue lines indicate
planned boreholes. Not to scale.

Table 7.8 Hazard factor for shale gas high risk exampleHydrocarbon source is shown in

red.
FACTOR Release mechanism of | Head gradient driving flow
hydrocarbon (H1) (H2)
GEOLOGICAL HAZARD
UNIT RANKING | CONFIDENCE | RATING | CONFIDENCE| SCORE | CONFIDENCE
Limestone
aquifer 2 high 8 | high
Shale 4 high 2 high 8 | high

Table 7.9 Intrinsic v ulnerability factor sfor shale gas high risk exampleHydrocarbon
source is shown in red.

FACTOR Vertical separation| Lateral separation| Mudstones andlays

between source an| between source an( in intervening units
base of receptor receptor between source an
receptor

WEIGHTING (w) 1.5 3 3.5

CONFIDENCE high medium high

GEOLOGICAL

UNIT

Limestone aquifer 8 12 4 12 5 17.5

Shale 8 12 4 12 5 17.5
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FACTOR Groundwater Faults Solution | Anthropogeni| Anthropogenic| INTRINSIC
flow cutting featuresin| c features features VULNERAB
mechanism in | intervening| intervening | mines close tqg  boreholes | ILITY
intervening units and | units and | site of interest| close to site off SCORE (V)
unitsbetween | receptor receptor interest
source and
receptor,
including the
receptor
WEIGHTING 4.5
(w) 3 2 8 4
CONFIDENCE high high medium high high high
GEOLOGICAL
UNIT
Limestone
aquifer 3 9 4 18 3 6 2 16 2 8 98.5
Shale 3 9 4 18 3 6 2 16 2 8 98.5

7.1.4 Low risk example, conventional oil and gas

The low risk scenario is constructed for conventional oil and gas exploitation since this has been
identified as the activity with the lowest hazartielow risk scenario for conventional oil and gas

is described imable7.10, which is based on the conceptual modétigure?7.4. The scoring for

the hazard is shown ifable 7.11 andintrinsic vulnerability in Table 7.12. Theintrinsic and
specificvulnerability £ores are summarised at the bottoriiable7.10. The vulnerability of the
sandstonaquifer is 8 and thepecific vulnerabilityscoreis also 8 A vulnerability of 0 is not
possible because the maximum separation distance (>1200 m) and the maximum intervening
mudstone thickness (>250 m) have minimum scores of 1.5 and 3.5 respectively.

The risk group is medium/low for this and low for both the mudstoaed reservoir The
medium/lowrisk group,despite a very lowpecific vulnerability scoraggeflects the fact that there
is adegree of risk to potential receptors withdhycarbon activities in the subsurfadetihe
potential receptor was classified as B or C in this case, thgraswould be low.
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Table 7.10 Scenarioand intrinsic and specific vulnerability scores and risk groupfor
conventiond oil and gas, lowrisk example.

Hydrocarbon source and extraction method

Conventional oil and gas reservoir, no changes to permeability or pressure

AQI

2 km around vertical borehole

Geological setting

(Figure7.4).

In the low risk scenario a sandstone aquifer overlies 1200 m of mudstones belovoveriesa
conventional oil and gas reservoir (the hydrocarbon source unit). The aquifer outcrops at the su

Potential receptors

Classification

Sandstone aquifer

AT principal aquifer < 400 m bgl

Mudstone D i unproductive
Reservoir C1 secondary aquifer > 400 m bgl|
Hazard Score

Releasemechanism of
hydrocarbon (H1)

No permeability enhancement (passive) for conventional oil and (¢

Head gradient driving flow
(H2)

No head gradient from source to receptor

Vulnerability

Vertical separation between
source and base of receptor

Calculatedrom the conceptual model, no lateral change

Lateral separation between
source and receptor

Calculated from the conceptual model, no change

Mudstones and clays in
intervening units between
source and receptor

1200 m mudstone in intervening unit

Groundwater flow
mechanism in intervening
units between source and
receptor, including the
receptor

Sandstone aquifer and reservoir intergranular fida/receptors clas
A to C in intervening unitsTherefore, > 50 % principal or secondz:
aquifers (EA dsignation) with intergranular flow.

Faults cutting intervening
units and receptor

A fault cuts all units and is known to be transmissive to fluids.
fault also results in the horizontal connectivity of the hydrocat
source unit and the aquifer.

Sdution features in
intervening units and
receptor

No known solution and no potential for solution features

Anthropogenic features
mines close to site of interes;

No mines in AOI

Anthropogenic features
boreholes close to site of
interest

No boreholes iA\OI

Potential receptor Intrinsic Specific Risk group Confidence
vulnerability score | vulnerability

Sandstone aquifer 8 8 Medium/low Medium

Mudstone 17 17 Low Medium

Reservoir 30.5 30.5 Low Medium
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200 m

Downwards
head gradient

1400 m

Sandstone aquifer

Figure 7.4 Low risk scenario for conventional hydrocarbon activities.Grey is the

No fault zone

> 250 m intervening mudstone
No receptors A to C
No solution features

No boreholes or mines

No horizontal contact

hydrocarbon reservoir and green is the overlying capock (mudstone).Thick blue lines
indicate boreholes. Not to scale.

Table 7.11 Hazard factors for conventional oil and gas low risk exampleHydrocarbon
source is shown in red.

FACTOR Release mechanism of | Head gradient driving flow

hydrocarbon (H1) (H2)
GEOLOGICAL HAZARD
UNIT RANKING | CONFIDENCE | RATING | CONFIDENCE| SCORE | CONFIDENCE
Sandstone
aquifer 1 high 1| high
Mudstone 1 high 1| high
Reservoir high 1 high 1| high

Table 7.12 Intrinsic v ulnerability factors for conventional oil and gas low riskexample
Hydrocarbon source is shown in red.

FACTOR Vertical Lateral separation Mudstones and

separation between source clays in
between source and receptor intervening units
and base of between source
receptor and receptor

WEIGHTING (w) 15 3 3.5

CONFIDENCE high medium high

GEOLOGICAL

UNIT

Sandstone aquifer 1 15 0 0 1 3.5

Mudstone 1 15 4 12 1 3.5

Reservoir 8 12 4 12 1 3.5
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FACTOR Groundwater Faults Solution | Anthropogenic| Anthropogenic| INTRINSIC
flow mechanism|  cutting features in| featuresmines features VULNERABILITY
in intervening | intervening| intervening| close to site off  boreholes | SCORE (V)
units between | unitsand | units and interest close to site off
source and receptor receptor interest
receptor,
including the
receptor
WEIGHTING (w) 3 4.5 2 8 4
CONFIDENCE high high medium high high high
GEOLOGICAL
UNIT
Sandstone aquife 1 3| 0 0 0 0 0 0 0 0 8
Mudstone 0 0] O 0 0 0 0 0 0 0 17
Reservoir 1 3| 0 0 0 0 0|0 0 0 30.5

7.2 DISCUSSIONOF METHODOLOGY
The following discussion is based on the scenarios in Section 7, and case studies in Appendix

The 3D Groundwater Vulnerabilifyroject has developed a prototype Tier 1 (Gormley et al., 2011)
methodology for screening vulnerability and risk of groundwatesubsurface hydrocarbon
activities. Screening is sigpecific rather than applied across larger areas such as previous EA
vulnerability mapping (EA 2017a), due to the large number of inputs and considerations at each
site and the variable availabylibf input data. Itprovides an indicatiowf the relative risks of
hydrocarbon activitiem the subsurfac® groundwater. The vulnerabilignd riskparameterand

risk groupboundaries areat this stagepreliminaryandused forillustrative purposesand it is
anticipated that the methodologypuld bereviewed through experience

The methodology can be applied as a quick, initial look at possible vulnerability and risk scenarios
for a particular development (e.g. assessment of receptors at geologigakgale) or as a much

more detailed assessment (e.g. assessment of receptors at the geological formation scale). The time
taken to undertake a screening using the methodology therefore varies according to the detall
required and the purpose of the saieg, but also the amount of information available, from one

day up to a week or mor€onfidence in the classification and groupings improves as more
information is brought into the assessment.

The case studie@Appendix 6) demonstrate how the methodology could be applied in a site
specific setting, including the information that is required and how potential issues may be
highlighted. It is not recommended that such initial-spgecific risk assessmerdse decision
makingtools for regulators, buheycould be used to help guide further investigations.

The high and low vulnerability and risk scenarios demonstrate that different geological situations
could produce very differemtrinsic and specifizulnerability scoresTheintrinsic vulnerability

is very dependent upon the geometry of the sepatbwaypotential receptosystem. The
specific vulnerabilityis dependent on thatrinsic vulnerability and the hazaiidi.e.the nature of

the hydrocarbon activityhat istaking place, and the possibility fgroundwater flowfrom the
source tahe potential receptorTherisk groupvaries from low to high depending on thgecific
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vulnerabilityscore and theotential receptovalue classification. Fgpotential recepta d high
value (classified 9§, the riskgroupwill always beat leasmediunilow, recognising that risk can
be mitigated but nogliminated when conducting sidirface hydrocarbon activities. However,
this is primarily related to drilling through the fortimans and not necessarily related to dlogual
subsurface activity othe 3D geometry of the system.

The methodology was developed in order to comitegeisks posed bgonventional, CBM, shale
gas and UCG hydrocarbon activities. As suchythieerabilty scores and risk groupse relative.
In the current scoring systemstonly possible to obtain the maximuspecific vulnerabilityscore
when conductingJCG activities However,such activities arainlikely to occur onsher in
England in the near fute The high and low risk scenarisison that the maximum scofer CBM
and shale gas activities 78871 in theighdrisk group The highest possibipecific vulnerability
score for conventional hydrocarbon activities is .197 this case the highestsk group
classification would bémediunlowa

The case studies have shown that accyratential receptoclassification is very important in

order to identify a realistic risgroup While classifications based on EA aquifer designations (at
outcrop)are reasonable, there can be variations at site specific scales. For example, the case study
for CBM in the West Midlands shows that local information on groundwater quality can be used
to downgradepotential receptar (in this case the Sherwood Sandstand Appleby Group),
resulting in a low rather thammediunilow risk groupingfor thesepotential recepta: Similar
potential receptoiintrinsic and specificvulnerability for CBM exist in the East Midlands
However,the potential recept@ remain clasfied aséA6and therefore the risgroupis higher.

The case study from Northeast England (Vale of Pickering) indicatesinhsime caseshe
potential recept@ should be upgradedror examplethe Kimmeridge Clay is designated
unproductive by the EAhut because itan provide reasonable quantities of potable watsr
upgr ad e dhede casedsBidies demonstrate that it is important to compile as much data as
possible on bothhe quantity andthe quality of groundwateoptherwisemisrepresentatiomay

result in overlooked groundwater resources or anlywsemservative view of the risk.

The riskgroupis the most informative category since it takes into account the sensitivity of the
potential receptoHowever, ntrinsic and specific Mnerability scores mustlsobe consulted to
understand the risfiroup In all of the case studighere area combination of riskyroupsfor the
potential receptain any particular aredost potential receptors weirethelow risk groupwith

the occasional potential recepiarthe medium/low riskgroup Units in the nedium/high risk
groupsoccur rarely, but include principal aquifers overlying shale gas and CBM activitiese T
are nopotential receptarin the high riskgroupin the @se studies under the current classifications
(which may besubject to changeMany cases indicated that more information was required to
reduce the high levels of uncertainty associated with the risk assessmgaoise areaadditional
data and informtion may exist to improve the site specific risk assessmémits should always

be taken into account. For example, the information in the Vale of PickdmtiganeBaseline
Survey(Smedley et al., 2017) could point to natural hydrocarbon migration pgslavinich would
need to be accounted for in the risk assessment methodology
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8 Conclusions

This report has described Tier 1 (qualitative) methodology (3DGWYV) for attributing
vulnerability of groundwater to pollution from shirface oil and gas activitie$he method
considers a range of geological, hydrogeological and industry specific factors which influence
vulnerability and risk to groundwater at a particular site. It is accompanied by a digital package,
including the attributed UK3D2015, GIS data anspaeadsheet tool to guide development of a
conceptual model and the assessments.

The methodology has been tested for scenarios where receptors wooltsiokeredo beof high

or low vulnerability/risk according to the specific hydrocarbon activities and geological situations.

It has also been tested five case studies from different parts of England with different
hydrocarbon source rocks/exploitation methods; convealtioil and gas in southeast England,
CBM in the East and West Midlands, shale gas in northwest England and shale gas and
conventional oil and gas in northeast England.

The case studie®iave demonstrate that contaminant pathways in the ssbface from
hydrocarbon activities can be assessed usimgctmmon vulnerability and risk screening
approach and parameter sptesented in this reporBy this means the relative vulnerability
between sites and/or hydrocarbon developrseaharioscanbe compared ahused to assist in
decisionmaking processes and risk communication.

The advantage of this approach is thataihbe applied as eapid, initial screening opossible
vulnerability and risk scenarios for a particular developmerth(assessment of reuers at
geological group scalefor examplg. It can also be usefbr more detailed assessme(fior
example,assessment of receptors at the geological formation scatejjuired as well as
identifying where information is lacking. One such area, hititdig by all the case studies is a
need to improve the 3D understanding of the geological systems.

Confidence in theulnerability and risk assessmemtproves as more information gensidered.
Consequently it is recommended that mis&din a dynamiananner.

The risk group(qualitative indicator of riskjs the most informative category since it takes into
account the sensitivity of the potential receptiong withintrinsic and specific vulnerabilityrhe
examples considerad this reportproduced a range of vulnerability and risk outcomes\iesiée
consistent with the scenarios tested.

Refinements to the methodology are required in terms of the factor parameters and weightings, in
addition to risk groupingsThe methodology is only conaeed with risks to groundwater from
hydrocarbon activities in the subsurface and does not include any considerations of either the
effects of surface spillages or the integrity of boreholes which are dealt with through surface/near
surface groundwater vudnability assessment tools and drilling regulation.

Development of the methodology has gisintedto a number ofopicsthat needurther research
in order to reduce uncertainty such assessmenihesdanclude;

1 abetter understanding tifie locatimn and processwithin deep aquifer flow systenand
their behaviouy including volumes of water recharging to deep basins and regional and
local head flow directions

1 attenuation capacities of mudstones/clays at depth and in relation to particular
contaminants and the critical thicknesses

1 the impact of particular contaminants in potential receptor,units

1 an improved understanding of time scales of contamination breaktheougd O s af e
separation distances,

1 improved understanding of the pathwahhviour of faults and
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1 a more indepth understanding of the occurrence of groundwater that should be protected.

Further development mighalso explicitly include more detail about the nature of the hazard
including chemical characteristics and concentrations.
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Appendix 1 7 3DGWV screening methodology, spreadshest tand example for low
vulnerability scenario

VERTICAL CUMULATIVH
SEPARATION UNIT (,:\AUL'J\ADUSEI%FII\]VEE POTENTIAL UNIT FLOW | FLOW TYPE
GEOLOGICA DEPTH| DEPTH| THICKNESY BETWEEN MUDSTONE| THICKNESS| EAAQUIFER| RECEPTOR TYPE (FOR (FOR
UNIT LITHOLOGY TOP (M| BASE OF UNIT | SOURCE ANI THICKNESS (M) IN DESIGNATION CLASSIFICAT RECEPTOR| RECEPTOR NOTES
OD) (M OD) M) BASE OF ™) INTERVENIN ON CLASSES AT CLASSES AT
RECEPTOR UNITS C) C) INCLUDIN
(M) RECEPTOR
Chalk with subsidiary Fractured, > 50 %
Chalk Group | mudstone, flint and 81 -10 91 325 455 178 Principal A well intergranular
limestone. connected flow
Clay, mudstone and
sandstone with
Gault subsidiary calcareous Unproductive in 2S00
. y -10 -90 80 245 80 98 product D NotAto C | intergranular
Formation mudstone, chalk, this region flow
conglomerate, limestone,
sand, silt and siltstone.
Lower . >50 %
Greensand Sand_ a_nd sandstone_wnh -75 -139 64 196 0 98 Principal A [uteroehuley intergranular
. subsidiary clay and silt. flow
Formation flow
Closest outcrop
in Weald where
>50 % both secondary
Weald Muds_tone,sandstone 139 279 140 56 70 o8 Secqndary in B Intergranular intergranular and _
Group and siltstone. this area flow flow unproductive
aquifer, take
most sensitive
secondary
Limestone ananudstone > 50%
Purbeck with subsidiar Sum AEETES, fractured
y gyp 279 | -335 56 0 28 0 Secondary B well '
Group stone and norcarbonate well
connected
salt rock connected
Limestone, sand and
. > 50%
Portland sandstone with Princioal and Fractured, fractured Isle of Purbeck
subsidiary calcareous -335 -352 17 0 0 0 P A well ' where limestone
Group secondary well : .
sandstone, chert and connected is Principal
connected
mudstone.
: : : 5
e | e il 352 | 555 203 0 203 0 Unproductive D Not A to C A
Clay subsidiary argillaceous, fractured,
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muddy well
limestone/cementstone/ connected
calcilutite,limestone,
sand, sandstone,
sapropelite, silt and
siltstone.
0,
Corallian MU e, Elisenes Principal and HEEITE, fra>ct5u0rg:j n((:elgrs s\jéortrj]t(()::t)r?
and argillaceous -555 -607 52 203 26 203 P well ’ ym ’
Group . secondary well where itis
limestones connected
connected Secondary
0,
Cla silicatesandstone and -607 -828 221 255 221 229 Unproductive NotAto C well ’
y silicate siltstone.
Formations connected
0,
Great Oolite Calcareous mudstone, Fractured, fra>ct5u0re/21
limestone, mudstone and| -828 -902 74 476 0.5 450 Principal well ’
Group . . well
ooidal limestone connected
connected
> 50%
Inferior Limestonepoidal . AEE e fractured
. - -902 -963 61 550 0 450.5 Principal well ’
Oolite Group | limestone well
connected
connected
Principal,
secondary and
. Secondary as
unproductive, > 50% 2.
Calcareous mudstone, closesioutcro Fractured, fractured most sensitive
Lias Group | mudstone and silty -963 -1200 237 611 237 450.5 - P not well ’ classification
is east of Lyme well o
mudstone . connected and no principal
Regis, both connected N
in this area
secondary and
unproductive

Conceptual geological model for the southeast England, conventional oil and gas, in the spreadsheet tool. Unit hightighteticates the target

formation. Blue indicates squares where data is inputted, grey are calculated and yellow indicates paséfcations.
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FACTOR Release mechanism of| Head gradient driving

hydrocarbon (H1) flow (H2)
GEOLOGICAL HAZARD
UNIT RANKNG | CONFIDENC RATING | CONFIDENC| SCORE| CONFIDENCI
Chalk Group 2 low 2 | low
GaultFormation 2 low 2 | low
Lower Greensand
Formation 2 low 2 | low
Weald Group 2 low 2 | low
Purbeck Group 2 low 2 | low
Portland Group 2 low 2 | low
Kimmeridge Clay 2 low 2 | low
Corallian Group 2 low 2 | low
Kellaways and
Oxford Clay
Formations 2 low 2 | low
Great Oolite
Group 2 low 2 | low
Inferior Oolite
Group 2 low 2 | low
Lias Group 1 high 2 low 2 | low
NOTES

Hazard score for the southeast England, conventional oil and gas, from the spreadsheet tool. Green

squares indicates cell has been carried forward, orange is an option witldavpulinenu.

. . . Mudstones and clay
Vertical separation Lateral separation in intervening units
FACTOR between source and| between source and
base of receptor receptor between source and
receptor
WEIGHTING (w) 1.5 3 3.5
CONFIDENCE low medium medium
GEOLOGICAL UNIT
Chalk Group 5 7.5 0 0 2 7
Gault Formation 6 9 0 0 3 10.5
Lower Greensand Formation 7 10.5 0 0 3 10.5
Weald Group 8 12 2 6 4 14
Purbeck Group 8 12 4 12 5 175
Portland Group 8 12 4 12 5 17.5
Kimmeridge Clay 8 12 4 12 5 17.5
Corallian Group 7 10.5 0 0 2 7
Es:lr?]vgsgﬁsand Oxford Clay 6 9 0 0 2 7
Great Oolite Group 4 6 0 0 1 3.5
Inferior Oolite Group 4 6 0 0 1 3.5
Lias Group 3 4.5 0 0 1 3.5
Only upper three unitg
NOTES are penetrated by
boreholes
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Intrinsic vulnerability for units between the hydrocarbon source unit and potential receptor for
southeast England, conventional oil and gas.

FACTOR Groundwater | Faultscutting Solution Anthropo | Anthropo | Intrinsic
flow intervening features in genic genic | vulnerability
mechanism in|  units and intervening | features | features | score (V)
intervening receptor units and mines | borehole
units between receptor close to | s close to
source and site of site of
receptor, interest | interest
including the
receptor
WEIGHTING (w 3 4.5 2 8 4
CONFIDENCE medium medium medium high high | low
GEOLOGICAL
UNIT
Chalk Group 1 3 2 9 2 410 0 2|8 38.5
Gault Formation 1 3 2 9 1] 2|0 0 2|8 41.5
Lower
Greensand
Formation 1 3 2 9 1 2|0 0 2|8 43
Weald Group 1 3 2 9 1 2|0 0 2|8 54
Purbeck Group 3 9 2 9 1] 2|0 0 2|8 69.5
Portland Group 3 9 2 9 1 2|0 0 2|8 69.5
Kimmeridge
Clay 3 9 2 9 1 2|0 0 00 61.5
Corallian Group 3 9 2 9 1 2|0 0 00 37.5
Kellaways and
Oxford Clay
Formations 3 9 2 9 1 210 0 00 36
Great Oolite
Group 3 9 2 9 1 2|0 0 0|0 29.5
Inferior Oolite
Group 3 9 2 9 1 2|0 0 0|0 29.5
Lias Group 3 9 2 9 1 2|0 0 00 28
Patland Below
group has target,
potential for no
solution borehole
features, and S.
Fault possibly  evidence Borehole
1 km from from BH log sin
NOTES activity in chalk village.

Intrinsic vulnerability for units between the hydrocarbon source unit and potential receptor, and
the potential receptor itself, for southeast England, conventional oil and gas.
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RECEPTOR VULNERABILIT RISK

CLASSIFICATI( SCORE (V) SCORL
GEOLOGICAL UNIT (R)
Chalk Group A 41.5 83
Gault Formation D 41.5 83
Lower Greensand Formation A 43 86
Weald Group B 54 108
Purbeck Group B 69.5 139
Portland Group A 69.5 139
Kimmeridge Clay D 61.5 123
Corallian Group C 37.5 5
Kellaways and Oxford Clay
Formations D 36 72
Great Oolite Group B 29.5 59
Inferior Oolite Group B 29.5 59
Lias Group C 28 56

CONFIDENCE Low Low

Risk score for potential receptors for southeast England, conventional oil and gas.
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Appendix2i Oil and gas formations in England.

This chapterdescribes themain hydrocarbon bearing units in England. The units have been
identified primarily from three BGS reports commissioned by DECC (the Department for Energy
and Climate Change) in 2013 (DECC, 2013a; 2013b; 2048d) three additional arespecific

reports on shale gas prospectivity in the Bowland Shale (Andrews, 2013), the (Aedews,

2014) and the Wessex area (Greenhalgh, 20.is not intended to be an exhaustive summary

of the occurrence of hydrocarbon units in England, rather a-léigth overview for
hydrogeologists interested in the potential for groundwater camddion. If further information

is required about the hydrocarbon characteristics of the units the reader should refer to the source
documents (and references therein).

The reports identify units that have potential as conventional oil and gas resantissurce

rocks (DECC, 2013g)for CBM (DECC, 2013b)xnd shale gaECC, 2013cAndrews, 2013;
2014;Greenhalgh, 200)6There is no report for UCG and therefore coal units have been identified
fromDECC (2013b) Rock wunits within BGSO0 National Ge
and Waters et al.,, 2016) were attributed with source rock properties using the associated
Generalised Vertical Section (GVS) (model included in the digital data packagP®W9g).

Where the potential hydrocarbon unit cited was not indicated on the GVS it was mapped back to
a parent unit (usually group or ageoup and lithology) on the GVS, using the BGS Lexicon
(http://www.bgs.ac.uk/lexicon/). The method for identifying tloek types with hydrocarbon
potential differs slightly for each exploration method and is described in the relevant sections
below. Note that not all formations will be prospective across all areas.

Each rock unit identified on the GVS is also summarisedable A2.1 and described in this
chapter. The different hydrocarbon attributions can be viewed when the attributed GVS is loaded
into the NGM in LithoFrame Viewer. Each section can be queried to find unit positions relative to
the Ordnance Survey National Grid almdQrdnance Datum (OD). It should be noted that often
potential reservoir units are also groundwditearing units and vieeersa; possible oil/gasater
contacts within the units are not specified.

CONVENTIONAL HYDROCARBONS

Information on these units is w@ed from DECC (2013a) unless otherwise indicated. There are
two main petroleum systems in England:

1 Southern Englantl Early Jurassic shales in southern England have matured to generate oil
and some gas in the Wessex and Weald basins. Migration hasedctangely within
Jurassic strata to the margins of both basirte carbonate reservoirs. Youngenmature
shales provide the seals to these reservoirs and very few shows are present above the
Cimmerian (early Cretaceous) unconformity. Alpine inversi@as more intense in the
Wessex Basin, juxtaposing older (early Jurassic and Triassic) clastic reservoirs against the
early Jurassic source rocks. The producing fields are located on Je@$giCretaceous
palaeehighs concealed bstrata deposited abetheunconformity. Some later migration
of hydrocarbons into Alpine structures has occurred, but many of the surface anticlines are
dry. Surface shows are limited to where erosion has exposed J@adgi€Cretaceous
strata.

1 Northern England The southen part of the Pennine Hills contains the inverted Renn
Basin. In the Pennine Badinere are otprone source rocks in early Namurian shales and
gasprone source rocksncluding Westphalian coals. Oil shows are almost wholly
restricted to Carbonifer@ustrata in the East Midlands. Farther nosthhas migrated into
Triassic reservoirs, where shows are present in Mesozoic strata. Ga®lbaslybeen
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generated from source rocks older than Westphagmin the Cleveland and West
Lancashire basins.hls gas has been mainly trapped in Permian reservoirs.
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Table A2.1Groups and formations identified as prospective forconventionaloil and gas, CBMV, shale oil and gas and UCGDifferent
colours show the different hydrocarbon sources for clarity. Groups might not be prospective in all areas; the location of jgqmective
rock units and sources of the attribution are included in Section 3.1 to 3.4. Note the Quaternary is not idéi&d in this version of UK3D
and hence not in the GVS (seen here in grey)ithological description of GVS codesre included below this table

. Shale
Period GVS GVS Unit Unit with hydrocarbon potential | COMVentonall gy | gasand | uce
oil and gas )
shale oll
Quaternary Not Not modelled Shirdley Hill Sand Formation Reservoir
modelled
Cretaceous W-SDSL | Wealden Group Wealden Beds, Tunbridge Wells | Reservoir
W-MDSS | Wealden Group Sand Formation Reservoir
Jurassie PBLSMD | PurbeckGroup Purbeck Group Reservoir
Cretaceous
Portland Sand Formation, Portlang :
PLLMCS | Portland Group Group, Portland Stone Formation Reservoir
KCGMDST | Kimmeridge Clay Formation i :
Kimmeridge Clay Formation Resenvoir
AMKG Ampthill Clay Formation and Source/
MDST Kimmeridge Clay Formation Reservoir
. : Source/
CRLSSM | Corallian Group Corallian Group .
Reservoir
KLOX Kellaways and Oxford Clay .
Jurassic | MDSS Formations (undifferentiated) Oxford Clay Formation -
Fuller's Earth Formation, Frome Source/
GOGMDST| Great Oolite Groug mudstone Clay limestone, Forest Marble, .
: Reservoir
Cornbrash Formation
GOGSLAR C_Sreat Oolite Groupsandstone, Source/_
limestone and argillaceous rock Reservoir
INOSDLI I_nferlor Oolite Gro_up sandstone, Inferior Oolite Group Source/_
limestone and argillaceous rocks Reservoir
INGLSSM Inferior Oolltg Group limestone, Inferior Oolite Group Source/_
sandstone, siltstone and mudston| Reservoir
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Conventional

Shale

Period GVS GVS Unit Unit with hydrocarbon potential . CBM gasand | UCG
oil and gas )
shale oil
. . Inferior Oolite Group and Great
IOGGSLAR Infe_rlor Oolite Gro_up and_Great Oolite Group, Fuller's Earth SOLITEE) .
Oolite Group (undifferentiated) . Reservoir
Formation
Triassie Lias Group Mudstone, siltstone, Brldport_Sand Formation, L.|as clay Source/
) LIMSLS . Lower Lias Shales, Blue Lias .
Jurassic limestone and sandstone . Reservoir
Formation
MMG- Mercia Mudstone Group Tarporley Siltstone Formation and| Source/
MDSS mudstone, siltstone and sandston( Mercia Mudstone Group Reservoir
OMSSDST| Ormskirk Sandstone Formation | Ormskirk Sandstone Formation Reservoir
Triassic WLSFSDST| Wilmslow Sandstone Formation | Wilmslow Sandstone Formation | Reservoir
SSE&SDSM Sherwood Sqndstone Group SherwoodSandstone Group Reservoir
sandstone, siltstone and mudston
KNSFSDST| Kinnerton Sandstone Formation | Kinnerton Sandstone Formation | Reservoir
Zechstein Groug Dolotimised Roker or Seaham Formations, :
ZGDLDO limestone and dolomite Kupferscheifer/Marl Slate ALl
Permian APYSCON Appleby Group interbedded Collyhurst Sandstone Formation | Reservoir
sandstone and conglomerate
Not Not identified Yellow Sands Formation, Basal Resenoir
identified Permian Sands Formation
WAWK Wan/vlckshlre_ Groupsnj[stone and Source/
sandstone with subordinate .
SISDM Reservoir
mudstone
WAWK Waanckshlre Groupmudstone, Halesowen Formation, Upper Cog Source/
siltstone, sandstone, coal, ) :
. MSCI ) . Measures, Westphalian-O Reservoir
Carboniferous ironstone and ferricrete
ol S A
SISDM2 Reservoir
mudstone
PUCM Pennine Upper Coal Measures Pennine Coal Measures Group,| Source/
MSCI Formation Westphalian AB Reservoir
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. Shale
Period GVS GVS Unit Unit with hydrocarbon potential | COMVentonall ooy | gasand | uce
oil and gas )
shale oil
Pennine Middle Coal Measures
PSMCM Formation and South Wales Middl Source/
MSCI Coal Measures Formation Reservoir
(undifferentiated)
Pennine Lower Coal Measures
Formation and South Wales Lowe
PSLCM Coal Measures Formation Source/
MSCI (undifferentiated)- mudstone, Reservoir
siltstone, sandstone, coal,
ironstone and ferricrete
PCMMDSS| Pennine Coal Measures Group lTEE) :
Reservoir
MARR Marros Group mudstone and Marros Group
MDSD sandstone
MG-MDSS | Millstone Grit Group Silsden_ Formation_, Pendleton Source/-
Formation, Namurian Shales Reservoir
AGLSSA ':‘Lsggpd;%rt?ig?]ré;m?;%e with Asbian and Brigantian substage | Source/ :
. rocks Reservoir
argillaceous rocks
Bowland Shale Formation, Lower
CRAVY Craven Group Bowland Shales, Widmerpool
MDLM Formation, Bee Low Limestone,
Upper Bowland Shale Formation
Yoredale Groupimestone with
YORHE.SSA| subordinate sandstone and Yoredale Group shales
argillaceous rocks
DINALMST| Dinantian rocks Asbian and Brlganfuan substage Reservoir
rocks, Woo Dale Limestone
CARB Carboniferous rocks Pennine Coal Measures Group, Source/
ROCK undifferentiated Namurian Sandstones, Namurian | Reservoir
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Period

GVS

GVS Unit

Unit with hydrocarbon potential

Conventional
oil and gas

CBM

Shale
gas and
shale oil

UCG

Shales, Asbian and Brigantian
substage rockBowland Shale
Formation, Lower Bowland Shaleg
Widmerpool Formation, Bee Low
Limestone , MieDinantian shales
and Milldale Limestone, Craven
Group, Yoredale Group

DINALSSA

Dinantian Rocks (Undifferentiated]
¢ limestone withsubordinate
sandstone and argillaceous rocks

Asbian and Brigantian substage
rocks, Bowland Shale Formation,
Lower Bowland Shales,
Widmerpool Formation, Bee Low
Limestone , MieDinantian shales
and Milldale Limestone, Craven
Group, Yoredale Group

Source/
Reservoir

DINASLAR

Dinantian Rocks (Undifferentiated|
¢ sandstone, limestone and
argillaceous rocks

Asbian and Brigantian substage
rocks, Bowland Shale Formation,
Lower Bowland Shales,
Widmerpool Formation, Bee Low
Limestone , MieDinantian shales
and Milldale Limestone, Onecote
Sandstone, Minera Formation,

Craven Group, Yoredale Group

Source/
Reservoir
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Lithological codes used in the GVS, SesbleA2.1.

Lithology

code Lithological description

SDSL Sandstone, siltstone

MDSS Mudstone, siltstone and sandstone

LMSD Interbedded limestone and mudstone

LMCS Limestone and calcareous sandstone

MDST Mudstone

SLAR Sandstone, limestone and argillaceous rocks

SDLI Sandstone, limestone and ironstone

MSLS Mudstone, siltstone, limestone and sandstone
SDST Sandstone

SDSM Sandstone, siltstone and mudstone

DLDO Dolomitised limestone and dolomite

SCON Interbedded sandstone and conglomerate

SISDM Siltstone and sandstone with subordinate mudstone
MSCI Mudstone, siltstone, sandstone, coal, ironstone
MDSD Mudstone and sandstone interbedded

LSSA Mudstone with subordinate sandstone and argillaceoarsks
LMST Limestone

LSSM Limestone, sandstone, siltstone and mudstone
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Conventional hydrocarbons are only expected to be found in five known basins in England; the
Weald, Wessex, East Midlands, West LancashireGladeland basins. These basins are broadly
represented by current licensed areas. Groups/formations are not currently prospective outside
these areas. An up to date map of licensed areas is available from the Oil and Gas Authority
Website fittps://dece
edu.maps.arcgis.com/apps/webappviewer/index.html?id=29c31fa4b00248418e545d
222e57ddaaand a shapefile of the DECC"1.&Round of licence areas and existing licences is
included in the 3DGWYV digital dataset.

Oil and gas camigrate and accumulate conventional reservoila any depth depending on the
rock types andeologicalstructure A depthlimit hasalso notbeen applied to source rockiespite
the necessity for burial to depths sufficient to achieve the oil or gadowj because of the
possibility ofwidespread basin inversiam the UK onshore basins.

Shirdley Hill Sand Formation

The Late Pleistocene (QuaternaBhirdley Hill Sand Formation, part of the British Coastal
Deposits Group, is the shallow reservoirted Formby Oilfield in the southeastern East Irish Sea
Basin. It is also present in the West Lancashire Basiis. unit is not identified on the England
only GVS which only covers bedrock

Wealden Group

Sands of the Lower Cretacedt¥ealden Bedgnow theWealden Group) of the Weald Basin have
numerous shows of oil and gas (e.g. Bolney, West Sussex (Andrews, 2014)) and are possible
reservoirs, although they are secondary, less predictable reservoirs than others in the basin.
Enhancement of reservoir chatexistics by fractures may provide additional or improved
reservoir characteristics. Oil shows are found in exposures in Kent and SusseXunlihdge

Wells Sand Formation part of the Wealden Group. These units are identified at the group level

on theGVS, as both WSDSL and WMDSS.

Purbeck Group

Sands and limestones in the Upper Jurd®sibeck sequencdorm a gas reservoir at Albury, on

the northern margin of the Weald Baskurbeck Group inliers of the Weald basin are also
reported to have indations of hydrocarbons. The Purbeck Beds produced gas at Heathfield, West
Sussex, but quantities were insufficient for further development. This unit is identified at the group
level as PBLSMD (limestone and interbedded mudstone) on the GVS, and predulyioecurs

in the Weald Basin.

Portland Group

ThePortland Sand Formation of the Jurassiaged Portland Group fosa local reservoir in the
Wessex BasinThePortland Group is largely represented by limestones in the We€sdgannel

Basin which have mincshows on the Isle of Wight. Th®ortland Stone Formation (previously
Portland Limestone Formation) on Portland Island, Dorset, also has minor shows. Reservoir facies
may be developed in the Weald Basin. Oil is produced at Brockham 1 and Godley Bridgg, Su
andthe unitis productive for gas at Crowden 2 in Kent. In Ashdown 1, East Sussex, there were
gas shows in the Portland Beds (Andrews, 2014). This unit is identified at the group level on the
GVS as PLLMCS (limestone and calcareous sandstone), iamaredominantlyhydrocarbon
bearing inthe Weald Basin.

Kimmeridge Clay Formation

TheKimmeridge Clay Formation has source rock potential in the Wessex (such as at the Wytch
Farm Oilfield) and Weald Basins. The Kimmeridge Clay is most mature along the axes ofthe sub
basins and enters the oil window in the Arreton 2 well on the Isle of Wight, but is thought to be
immature regionally across the Wessex Bé&ireenhalgh, 2016)he midKimmeridge micrites
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form the main reservoir for two recent hybpthy oil discoveries in the Weald Basin. These are
thickest in the centre of the basiut pinch out towards the basin margins and do not extend into
the Wessex arg@&reenhalgh, 2016)'he Kimmeridge Clay Formation is present throughout the
Weald and Wessex Basins and is identified at formation level on thea&KE&MDST.

Ampthill Clay Formation and Kimmeridge Clay Formation

In this unit the Kimmeridge Clay Formation is not differentiated from the Ampthill Clay
Formation. As described above, tkenmeridge Clay Formation has source rock potential in

the Wessex rad Weald Basins. Since the unit is present directly adjacent to the Wessex Basin
where the Kimmeridge Clay Formation is prospective, it has also been identified as a potential
source rock on the GVS, as AMKI@DST.

Corallian Group

A number of beds provideservoirs in the Upper Juras§lorallian Group in the Wessex Basin.
Corallian limestone and sandstone form the reservoir of several conventional oil and gas fields in
the northern and eastern parts of the Weald Basin. A lower limestone unit forms theiré@se

the Bletchingley discovery, Surrey, from which gas is being produced. The Palmers Wood
Oilfield, south of London, produces from upper Corallian sandstone where the thickest sands are
developed. There have been hydrocarbon indications at Edenbri8gerey and in Ashdown 1,

East Sussex.

Some good source intervals are present in limestones of the Corallian in the Wessex Basin
(Greenhalgh, 201@&nd high TOCs have been recorded in the Corallian Group in the Weald Basin;
the Corallian Clay may have contributed to various reservoirs here (Andrews, 2014).

This group is identified in the GVS as @BSM (limestone, sandstone, siltstone and mudstone)
and primarily occurs in the Weald and Wessex Basin, but also to a lesser idetiie northeast
of England.

Kellaways Formation and Oxford Clay Formation (undifferentiated)

The Oxford Clay Formation has source rock potential in the Wessex and Weald Basins,
particularly along the axes of sibasins. The oil generating potential dfet Oxford Clay
Formation is variable, but it is mature in parts of the Weald and Wessex Basins. Oil has been
encountered in fractures in the Oxford Clay in the Kimmeridge Oil field and might be actively
recharging the Cornbrash reserv@reenhalgh, 2016)There were gas shows in thmit
comprising thé@xford Clay and Kellaways Formation in Wareham 2, Wessex Ba@seenhalgh,

2016) A small amount of oil was encountered in the Oxford Clay dutiiijng of the Coombe
Keynes 1 well. The most significant orgamich shales in the Weald Basin occur in the basal
Oxford Clay (Andrews, 2014).

The mudstonglominated Oxford Clay Formation and underlying Kellaways Formation are not
differentiated. Sincd is identified in the Wessex and Weald Basins, and has a mudstone, siltstone
and sandstone lithology, the unit has been identified as a potential source rock on the GVS as
KLOX-MDSS.

Great Oolite Group

Limestonesf the Middle JurassiGreat Oolite Groupin particular theGreat Oolite limestone

(old name), are the main reservoir rock at the Humbly Grove Oilfield and other discoveries in the
Weald Basin such as the Horndean, Stockbridge, Storrington, Goodworth and Singleton Oilfields
and the Baxter 6s Cops EroneClylilnaestdoneieaylocal iesereoirine r i e
the Wessex basin. Ti&rnbrash Formation andForest Marble Formation are also reservoirs

in the Wessex Basin.

Occasionally, good source intervals are present iRrii@e Clay FormationandFul | er 6 s Ea
Formation in theWessex BasiiGreenhalgh, 2016)
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The group is recognised as GEBEAR or GOGMDST in the GVS.
Inferior Oolite Group

Minor gas shows have been found in the middle Jur&stdor Oolite Group in the Wessex
basin. The discovgrwell in the Wareham Oilfield produced oil from the Inferior Oolite (along
with the Bridport SandFormation of the Lias Group)adidthe Arreton 2 well, WessexX.he
Inferior Oolite Grouphas also had shows in the Weald Basin.

Good source intervals areaasionally present within limestones of the Inferior Oolite Group
(Greenhalgh, 2016)

In the Weald and Wessex Basins, this unit is identified asllSOM and INGSDLI on the GVS.
Inferior Oolite Group and Great Oolite Group (undifferentiated)

As described above, both tBeeat Oolite Group andinferior Oolite Group could be reservoirs

and source rocks. This unit has a similar lithology (sandstone, limestone and argillaceous rocks).
The unit is identified in the north of the a&lld Basin through Norfolk, and thus is identified on

the GVS as IOGESLAR.

Lias Group i mudstone, siltstone, limestone and sandstone

The Lias clays have source rock potential in the Wessex and Weald Basinsowdrelias is

the source rock for most dib the south of the Purbed&le of Wight monocline (Wessex Basin).

It is the source of the Kimmeridge, Wytch Farm, Wareham and Humbly Grove oilfields. There
may also have been contributions from younger formaiiotise Lias Basin modelling predicts

that the Lias falls within the zone of oil generation across much of the Wessex and Weald Basins,
being overmature in its deepest axial parts. Tloaver Lias shalemay also have entered the gas
generation window in the deepest part of the Weald Basinhéyaire not considered to have ever
been sufficiently deeply buried to have generated significant amounts of gas ¢@skeréalgh,

2016)

The Bridport Sand Formation of the Lias Group is a primary reservoir in the Wessex Basin,
providing the main reservoir for smaller discoveries and contributing to oil produced in the
Wareham Oilfield and Wytch Farm. There is only marginal prospectivity for this formation in the
Weal basin.

The Lias Group is identified asAMSLS on the GVS.
Mercia Mudstone Group

Wells in theTarporley Siltstone Formation of the Triassic Mercia Mudstone Group encountered

oil at the Formby Oilfield, East Lancashire Basin. TMercia Mudstone Group is also within

the oil window in the Cheshire Basin. Here, the unit is identified both as a potential source and
reservoir.Elsewherethe Mercia Mudstone Group is neither a source nor a reservoir. This unit is
identified as MMGMDSS on the GVS.

Helsby (previously Ormskirk) Sandstone Formation

TheHelsby Sandstone Formatiorof the Sherwood Sandstone Groiga potential reservoir in

the West Lancashire Basin. Production was obtained frorhi¢teby (or Ormskirk) Sandstone

play in the Formby Oilfield. Thissialso viewed as a secondary hydrocarbon source unit in the
Cheshire basin, although exploration has so far been unsuccessful. This unit is identified as the
Ormskirk Sandstone Formation, OMEDST, on the GVS.

Wilmslow Sandstone Formation

TheWilmslow SandstoneFormation of the Sherwood Sandstone Group is a potential reservoir
in the Cheshire basin. This formation is identified as WASEFST on the GVS.

The Sherwood Sandstone Group
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The Helsby (Ormskirk) Sandstone Formation and Wilmslow Sandstone FormoBtienTriassic
Sherwood Sandstone Grougre reservoirs in the West Lancashire Basin and Cheshire Basin, as
described above. The Sherwood Sandstone aquifer is a major Triassic reservoir in the Wessex
Basin, and light gas was found within it at the Wytclnnk®ilfield. There is some potential for

oil in the west of the Weald Basin. This group is extensive across the country but its potential for
hydrocarbon resources is limitegten withn the basins of interest. It is identified as SSBSM

in the GVS.

Kinn erton Sandstone Formation

The Early Triassi&innerton Sandstone Formationis a potential reservoir in the Cheshire basin.
It is identified as KNSFSDST on the GVS.

Zechstein Group

The upper PermiaBechstein Groufimestones are a main reservoir in Dieveland Basin, e.g.

the Malton and Eskdale gasfields. These limestones were previously known as the Upper
Magnesian Limestone and are currently known afthleer or Seaham Formations The Upper
Magnesian LimestoneBfotherton Formation) also contains sall amounts of gas in the East
Midlands province. This group is identified as the-RGDO on the GVS.

Appleby Group

The Collyhurst Sandstone Formationof the Permian Appleby Group is a potential reservoir in
the Cheshire and West Lancashire basins. The reservoir at the Elswick Gasfield might also be in
the Collyhurst Sandstone Formation. The group is identified as®®®N on the GVS.

Rotliegendes Groyp

The Rotliegendes Groupy'¢llow SandsFormation andBasal Permian Sands Formatioh is
not identified on the GVS. The group is a main reservoir in the Cleveland basin. The Yellow Sands
Formationis productive in the Caythorpe gasfield.

Warwickshire Group

TheHalesowen Formationof the Warwickshire Groug a known reservoir. There an oil seep

from Westphaliaraged sandstones near Ironbridge in the Cheshire. Bdssunit is identified as

the Warwickshire Group on the GVS consisting of a siltstonesandstone with subordinate
mudstone (WAWKSISDM) overlying a mudstone, siltstone, sandstone, coal, ironstone and
ferricrete (WAWK-MSCI) which overlies another siltstone and sandstone with subordinate
mudstone (WAWKSISDM?2).

PennineCoal MeasuresGroup

There are gas prone source rocks in Westphalged coals of the East Midlands Province, the
Pennine Coal Measures @up, which have supplied gas to reservoirs in most northwest
European countries. The Westphalian Coal Measaedstoneform the major resgoirs in the

East Midlands Oilfields such as Eakribgu k e 6 s Wo o d, Gainsborough,
Egmanton, Corringham, South Leverton, Plungar, Bothamshall and Welton and East Glentworth.
Production was possible from seepages in the Coal Measuratidaid? Colliery, Derbyshire in

1847.

All the main oil shows in the main part of the West Lancashire Basin were found in Westphalian
Coal Measures. In the Cleveland Basin the WestphalianNzedurs are only present to the east
and are only marginally ature for gas generatioBhales and oil shales within thipper Coal
Measuresof the Potteries Coalfield have been used for oil production.

This group is identified in the GVS as the Pennine Upipeal Measures-ormation (PUCM
MSCI), Pennine MiddleCoal Measures~ormation and South Wales Midd@oal Measures
Formation (undifferentiated) (PSMGMSCI), Pennine LoweCoal Measures-ormation and
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South Wales LoweC€oal Measureformation (undifferentiated)mudstone, siltstone, sandstone,
coal, ironstone ancefricrete PSLCM-MSCI), PenninegCoal MeasureSroup (PCMMDSS).

Millstone Grit Group

The Namurian sandstonesof the Carboniferous Millstone Grit are producing reservoirs in a
number of oilfields in the East Midlands Province, including at Ealbingk e 6 s Wood
GainsborougiBeckingham and Bothamsall. Production has also been obtained from Plungar,
Egmanton, Corrigham, South Leverton, Glentworth and Rempstone Oilfields.-é¢omomic
guantities of oil and gas have been observed in Namurian sandstones in numerous boreholes. Gas
is produced from the Upper and Lower Follifoot Grits (of 8iksden Formation) in the Kiy
Misperton gasfield in the Cleveland basin. The Pendle Grit Member (ofPémsleton
Formation), Grassington Grit (of th®endleton Formation and Red Scar Grit (of thgilsden
Formation) of the Millstone Grit Group are potential reservoirs in the ChwtlBasin. The
Millstone Grit Group is also a potential reservoir in the Cheshire Basin.

In the West Lancashire Basin and the East Midlands Province, the Sabden Nhatesign
shaleg of the Millstone Grit Group are extensions of the Holywell shaleuecs in the East Irish
Sea Basin.

These units are identified as the Millstone Grit Groupudstone, siltstone and sandstone (MG
MDSS) on the GVS.

Alston Formation T limestone with subordinate sandstone and argillaceous rocks

Late Dinantian (Early Carlmiferous)Asbian andBrigantian substage rocks, such as the Alston
Formation, have undergone dolomitisation in places and might form reservoirs in the East
Midlands ProvinceBrigantianbasinal shales and shaly ramp carbonates are possible source rocks
in the Cheshire Basin. This unit is identified as the Alston Formatiomestone with subordinate
sandstone and argillaceous rocks (ASSA) in the GVS.

Craven Group

TheBowland Shale Formation(previously Edale and Holywell Shale Formations) is part ef th
Craven Group and is thought to be the Carboniferous source rock of the East Midlands and East
Irish Sea oilfields. Late Dinantian shales (lowBowland Shalesand the Widmerpool
Formation) and limestonesBee Low Limestong are source rocks in the Easidiands Province.
Mid-Dinantian shales and some limestones at outcrop may also be classed as source rocks (e.g.
Milldale Limestone) in the East Midlands Province. The Bowland shales are considered the
principal source rocks in the Craven Basin. Thick seqgeg of oHprone late Dinantian shales

occur in the Widmerpool, Edale and Gainsborough troughs. Dinaagjieth (previously the
Worston Shalé&roup) shales are potential source rocks in the Cleveland Basin. In the Bowland,
Cleveland, Edale, Gainsboroughutdber and Widmerpool basins, significant amounts of gas
have been discovered in conventional plgdsdrews, 2013)The Namurian Holywell/Bowland

Shales are source rocks in the Cheshire Basin. The Bowland Shales are considered the principal
source rock in the West Lancashire basin and are at oil maturity in the Formby oilfield. These units
are identified as the Cravé&roup on the GVS (CRAWMDLM).

Dinantian Rocks

Dinantian rocks of limestone lithology (DINAMST) have been identified as potential reservoirs.

This unit is extensive within basins of England from north to south. This unit could include rocks

of theAsbian andBrigantian substagethat have undergone dolomitisation in places and therefore
might form reservoirs in the East Midlands Province. W Dale Limestonegof the Dinantian

Peak Limestone Grojare also possible reservoirs where they have beemdded in the East
Midlands Province. The original discovery at Hardstoft, East Midlands Province was in a
Dinantian Carboniferous reservoir and small quantities of oil have been produced from the top of
the Dinantian Carboniferous Limestone (e.g. Hardstt , Eakr i ng, Dukeds Wo
This is identified as DINALMST on the GVS.
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Carboniferous Rocks(Undifferentiated)

This unit is found in the East Midlands Province. It could include rocks from any Carboniferous
group present in the East Midids provincei Pennine Coal MeasuresGroup (source and
reservoir) Namurian Sandstones (reservoir), Namurian Shales (source), Asbian and
Brigantian substage rocks(reservoir),Bowland Shale Formation(source),Lower Bowland
Shales (source), Widmerpool Formation (source), Bee Low Limestone (source), Mid -
Dinantian shales andMilldale Limestone (source). However it is only identified on a few
sections. This unit is identified as CARBOCK on the GVS.

Dinantian Rocks (Undifferentiated)i limestone with subordinate sandstone and argillaceous
rocks

This unit is identified throughout England. It could include rocks ofAtsigian andBrigantian
substageor theWoo Dale Limestones(of the DinantianPeak Limestone Grojvhich have
undergone dolomitisation in places and therefore might form reservoirs in the East Midlands
Province; see descriptions above. In the Cheshire Basin, Dinantian Reservoirs inciuecthte
Sandstone(productive at Nooks Farm) and sandstonfethe Minera Formation of the Clwyd

Group

This unit might also contain the source r@&dwland Shale Formationof the Craven Group; see
description above. This unit is identified as DINNSSA on the GVS.

Dinantian Rocks (Undifferentiated) i sandstone, Iimestone and argillaceous rocks

This unit is identified predominantly north of the English Midlands, in the north and west of
England. It could include rocks of th&sbian and Brigantian substage or the Woo Dale
Limestones(of the DinantianPeak Limestone @up) which have undergone dolomitisation in
places and therefore might form reservoirs in the East Midlands Province; see descriptions above.
In the Cheshire Basin, Dinantian Reservoirs includ&thecote Sandston€productive at Nooks

Farm) and sandstes of theMinera Formation of the Clwyd Group

This unit might also contain the source r@dwland Shale Formationof the Craven Group; see
description above. This unit is identified as DIFAAR on the GVS.

COAL BED METHANE (CB M)

Information on units vth CBM potential is sourced from DECC (2013b). In England, south of the
StainmoreCleveland Basin, coals are largely confined to strata of Westphalian age. Further north,
a large number of coals also occur in the Namurian and Dinantian strata, but¢hesesalered

to be thin and minedut. Neither the previous BGS plRermian subcrop map nor the coal
mapping has attempted to predict the occurrence of Coal Measures beneath Variscan thrusts in
southerrBritain. There is a possibility that coals might &xat much greater depth than drilled in

the Weald Basin, south of the Berkshire synclineraonth ofthe MendipsHowever this would

be too deep for CBM exploration. The Bude and Bideford formations of Westphalian age crop out
in SW England. These weneined up to 1969 but no modern drilling or logging has taken place
here (DECC, 2013b).

Coals areassignedges in DECC (2013b)thereforecoatbearing units with CBM potentiddave
been identified according to their adfieshould be noted that CBM expldi@n is still at an early
stage in the Ukandmuchof theinformation about their potential originates from the USA.

CBM explorationfrom virgin seamss likely to be constrained to depths of 20000 m bgl (below
ground levelYJones, et al. 2004CMM will be restricted to the depth of planned minebereas
AMM will be restricted to the depth of existing mingenerally both < 1200 m in the UBones,
et al. 2004)
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Westphalian-aged Coal Measures

Formations similar to Westphalian coals are foundhenBlack Warrior Basin, Alabama and the
Appalachian Foreland Basin. Coal fields in the Black Warrior Basin lie within the oil window (i.e.
within the temperature range at which oil is generated and expelled from source rocks). The Black
Warrior Basin coalsare comparable to Nor8taffordshireLancashire coals in terms of their
gasiness.

CBM potential varies across the country. Estimated volumes of methane in coal seams/are 3 m
(or less) for South Staffordshire and the South Midlands, up it $amnthe East Midlands, 1?3/t

for South Lancashire and up to 15/tor North Staffordshire. Generally, older and deeper coals
have been shown to have a greater gas content since gas content increases with maturity. There is
a progressive increase in the gamtent of coals northwards, from Oxfordshire towards the
Pennine Basin margin in Warwickshire and South Staffordshire and the depocentre of the Pennine
Basin, in Lancashire. There is also a slight increase in gas content southwards from Oxfordshire
to theCarboniferous foreland basin in Kent and probably into Somerset.

Two Westphaliaraged coal measure groups are identified:
Warwickshire Group

This group comprises coal in the Pennine Basin in Staffordshire, Warwickshire, Shropshire,
Lancashire,Nottinghamshire and South Yorkshire. The Group is thick at outcrop in the
Warwickshire Coalfield and in the subsurface to the south. Maturity and gas content are low where
measured, as the basin straddles the \ABiabant Massif. Maturities may increasean the
southern boundary but no gas content measurements were acquired here. A shallow well has been
drilled for exploration in the west of the Warwickshire coalfield. In the Somerset Coalfield-naked
light working was common in these Coal Measures suigggstiv methane. These Coal Measures

are identified as the Warwickshire Group on the GVS with either siltstone and sandstone with
subordinate mudstone (WAWRISDM); mudstone, siltstone, sandstone, coal, ironstone and
ferricrete (WAWKMSCI) or siltstone andsandstone with subordinate mudstone (WAWK
SISDM2).

PennineCoal MeasuresGroup (Westphalian A-B)

This group is from Langsettian to Westphalian B in age and comprises units previously known as
the Coal Measures Group.

This group is present in central amorthern England. CBM exploration is underway in this group

in the Midlands and northwest England. There has been drilling at the Keele University Campus
in North Staffordshire. A gas content eBar/t is indicated in the Cheshitaffordshire Basin

anda permeability of <5 mD. The Doe Green CBM pilot production site has produced electricity
from the Lancashire Coalfield.

The CumbriaCanonbie coalfields have a high gas content. A large subsurface area between the
two coalfields has never been minedisTérea is being explored for CBM.

Eastern England coalfields have lower gas contents than those west of the Pennines, despite being
part of the same basin. However, small conventional oil and gas fields indicate that porosity and
permeability of units gecent to CBM reservoirs are adequate for production. The Selby coalfield

has an estimated methane gas potential of 13.3 x3nd with an assumed gas content of
5.3mt. In the Yorkshire and Nottinghamshire coalfield gas content and total thicknéss of
Westphalian coals increase to the northwest. This area is being explored by three companies.

Thick coals occur beneath the Warwickshire Group in the Warwickshire Coalfield. While coals
are present in the Kent Coalfield, no part is consideredtohhay®@ o d 6 coal bed met |
although more gas measurements need to be made to confirm this. In the Somerset Coalfield
extensive problems with methane were encountered during mining of this group, but no measured
gas contents are available.
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This groupis identified in the GVS as theennineUpper Coal Measure$ormation(PUCM-
MSCI), Pennine MiddleCoal Measured-ormationand South Wales MiddI€oal Measures
Formation (undifferentiatedfPSMCMMSCI), Pennine LowerCoal Measureg-ormationand
South Wales LoweCoal MeasureEormation (undifferentiated)mudstone, siltstone, sandstone,
coal, ironstone and ferricrefSLCMMSCI) and the Pennin€oal MeasuresGroup (PCM
MDSS).

SHALE GAS AND OIL

This information is from DECC (2013c) and inclugesential shale gas and oil units that are of
interest in the current licensing round (March 2016). The report states that the lowest (economic)
risk shale gas exploration is where shale gas prospects are associated with conventional
hydrocarbon fields. IfEngland this includes the Upper Bowland Shale of the Pennine Basin, the
Kimmeridge Clay of the Weald Basin, and possibly the Lias of the Weald Basin. It was
recommended that deeper Dinantian shales also be tested in the Pennine Basin.

Similar to conventinal hydrocarbons, shale gas is only expected to be found in five known basins
in England; the Weald, Wessex, East Midlands, West Lancashire and Cleveland basins. These
basins are broadly represented by current licensed areas. Groups/formations aresnthy cur
prospective outside these areas. Artardate map of licensed areas is available from the Oil and
Gas Authority Website https://deceedu.maps.arcgis.com/apps/webapmar/index.html?id=
29c31fa4b00248418e545d222e57ddmad a shapefile of the DECC"1Round of licence areas

and existing licenses is included in the 3DGWYV digital dataset.

Older shales such as those from the Upper Cambrian on the Midlands Microceataghar risk
hydrocarbon source units because they have not been found to source conventional fields and are
therefore not currently of prospective interest. In addition, where prospective shales occur in the
Variscan fold belt the risks are considered high. These shales have been discounted from the
summary and GVS attribution because they are not currently licensed.

In the USA shale gas and oil is generally exploitedif between 1000 to 3,500 m bgl. The 2015
Infrastructure Act states that fracking the UK cannot take place at < 1000 m bgl
(http://www.legislation.gov.uk/ukpga/2015/7/contents/engctadat < 1200 m bgl in protected
areas littp://www.legislation.gov.uk/uksi/2016/384/note/made

Purbeck Group

Shalesof the Jurassi€retaceousurbeck Group may have been source osomeoil and gas
showsin several wells ofthe WealdBasin. A PurbeckGroup oitshale outcropg the Purbeck

inlier in the Wealden anticlin&ource richness has been identified in the Purbeck Group but these
are not cosidered prospective in the Wessex Basin due to their -badan immaturity
(Greenhalgh, 2016Yhisunitis identified at the group leveh the GVSas PBLSMD (limestone

and interbedded mudstone), and predominantly occurs in the Weald Basin.

Kimmeridge Clay Formation

TheKimmeridge Clay Formation, part of the Ancholme Group in onshore eastern and southern
England, is potentially prospective for shalil and biogenic gas because it contains ubiquitous
oil-shale beds. The Kimmeridge Clay of the Weald basin is associated with conventional
hydrocarbon fields and therefore has one of the best shale gas potentials in the onshore UK. Five
basins show thiadning in response to s\gedimentary faulting (Weald, Wessé&nglish Channel,
Cleveland and LincolnshirBorfolk). However, the unit is immature for thermogenic gas
generation onshore and only marginally mature for oil generation in the Weald Basinndepoce

After the first OPEC oil price increase in 1973, Kimmeridge Clayslodles were assessed for
resource potential but deemed uneconomic because of the thin beds and high sulphur content. This
might now be overcome by horizontal drilling and oppotiasito exploit thinner beds. The
English Channel Basin, particularly south of Purbeck and on the southern Isle of Wight, contains
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more mature source rocks than in the area near the Wytch Farm oil field. There are already
precedents for deviating wells froonshore to offshore to access the main part of this basin for
shale gas (DECC, 2013a). Shows of oil and gas in several Weald Basin wells indicate a
Kimmeridge Clay or Purbeck shale source. There are also some small gas fields and gas
discoveries in a lia along the northern Weald Basin (Albury, Bletchingley, Lingfield and
Cowden) , and with the Godley Bridge, Baxter
south of the basinThis mudstone formation is presentthe Weald and Wessex Basins and is
identified as KEMDST.

Ampthill Clay Formation and Kimmeridge Clay Formation

As described above, theémmeridge Clay Formation has some shale oil and gas potential. In
this mudstone unithe Kimmeridge Clay Formation is not differentiated from the Amp@lay
Formation both belong to the Ancholme Group. Since it is identified directly adjacent to the region
with the Kimmeridge Clay Formation, to the north of the Wessex Basin, this unit has also been
identified as a potential oil shale and gas rock el GN'S as AMKCGMDST.

Kellaways Formation and Oxford Clay Formation (undifferentiated)

TheOxford Clay Formation has a relatively high Total Organic Carbon (TOC) content (7.83%)

in the Weald Basin and | ies wit hlilymorizohsenthei | w
Oxford Clay Formation in the Wytch Farm Oilfield contain free oil, although this might represent
migrated oil. A bituminous horizon is present at the base of the formation in southern and central
England, but this is absent in Yorkshire | n centr al Engl and TOCOS
immature for oil generation.

In this mudstone unit the Oxford Clay Formation is not differentiated from the Kellaways
Formation. Both formations belong to the Ancholme Group in the south of England.tBigc

unit is identified in the Wessex and Weald Basins, and has a mudstone, siltstone and sandstone
lithology, it has been identified as a potential source rock on the GVS as HfA05S.

Great Oolite Group - mudstone

TheFul | er 6 s E a rintthe GEab @olitea Group has good TOC values in the Weald
Basin but it has only reached oil -MBSThasi ty
been identified as having shale gas and oil potential on the GVS because it is dominated by
mudstone.

Great Oolite Group T sandstone, limestone and argillaceous rock
As above,thé&ul | er 6 s E a rntthe Greab @oiit@a Group hmas good TOC values in the

Weal d Basin but it has only reached e6LAR mat u
has ben identified as having shale gas and oil potential on the GVS because it comprises
argillaceous rocks which might contain the F

Inferior Oolite Group and Great Oolite Group (undifferentiated)

As described above, theulle r 6 s E ar t hin tReoGreataQoliteoGnoup has good TOC
values in the Weald basin but it has only r
mostly identified to the north of the Weald Basin through Norfolk, it has also been identified at
the northern boundary of the Weald Basin. The unit IG&®@R has been identified as having
shale gas and oil potential on the GVS because in places it comprises argillaceous rocks which
mi ght contain the Fullerds Earth mudstones.

Lias Group i Mudstone, siltstone, limestone and sandstone

Shales in the Lower Jurasdi@as Group of the Weald Basin may have some shale gas and oil
potential. The Lias Group is the source rock for the Weald Basin petroleum system and the Wessex
Basin, with migration into three défent reservoirs in the Wytch Farm olil field. Tt@wver Lias
Shaleslie within the oil window over a wide area; maturity is lower on former highs of syn
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sedimentary faults. However, sampled TOCs are not high throughout. The area of Liassic source
rock within the gas window is believed to be >4672kanhexploitable drilling depths between 2750
and 3950 m. The midase resource estimate is 10 tcf (trillion cubic feet) plus condensate.

Bituminous shales at the base of Biee Lias in Dorset contain 3:9% cabon and laminated

marls 8% carbon. Lias edhale is present at Kilve on the southern side of the Bristol Channel but
both sides of the channel are immature for oil. The Lias is immature for shale gas in all of these
areas. In the Cleveland Basin the Limsvithin the oil window and there are extensive oil shows,

but no gas, in its ircore mines. In the Godley Bridge 1 well, gas readings in the Lias were fairly
low. The Lias Group is identified as-MSLS on the GVS.

Zechstein Group

The KupferschiefeMarl Slate of theZechstein Groufs a basal uppePermian unit with a very

high organic and metal content for shale. Samples from Durham show that these are correlated.
This unit is unlikely to be prospective as it is thin and would need to be treatedikeaa coal in

CBM than a shale. This is identified as the-RGDO on the GVS.

Marros Group

The Namurian aged Marros Group shales are equivalent to the Lower and Upper Bowland shales
in the Pennine Basin (see below). These shales are in the SouthBAsti@isBasin and have high
gammaray responses on geophysical logs, indicating a high organic content, such as in the Ashton
Park borehole. However the shales are interbedded with thick sandstones. It is thought that the
shales thicken to the south thusild be a realistic shale gas hydrocarbon source unit. This group

is identified as MARRMDSD on the GVS.

Millstone Grit Group

In the West Lancashire Basin and the East Midlands Provinc8ahden $ale Formation
(Namurian shales) of the Millstone Grit Gimare extensions of théolywell Shale Formation,

a source in the East Irish SBasin.The Sabden Shale is not sufficiently deeply buried onshore to
be considered as a source of shaleg(gadrews, 2013)These units ariglentified as the Millstone
Grit Groupi mudstone, siltstone and sandstone (MGSS) on the GVS.

Craven Group

The late Dinantian to Namuridowland Shale Formation(with local names of Bowland, Edale,
Holywell shales, top part of Craven Groupglongingto the Craven Groujm the Pennine Basin,

offers the best potential for shale gas in the UK because they have previously sourced
hydrocarbons and have a high TOC. These shales are also more extengigariarDinantiar

aged shales. A combined resoueséimation was made by Andrews (2013) for the Bowland Shale
Formation and Hodder Formation. The organic content of these shales is typically in the range 1
3%, but can reach 8%. Where they have been buried to sufficient depth for the organic material to
generate gas, they have the potential to form a shale gas resource analogous to the producing shale
gas provinces of North America. Where they have been less deeply buried, there is potential for a
shale oil resource (but there is inadequate data to estthebitin-place) (Andrews, 2013). The
BowlandHodder unit is divided into two; a lower, syift unit, largely undrilled, and an upper
postrift unit which is more prospective. A large volume of gas has been identified in this unit (P90
23.3, P50 37.6ral P10 54.6 tcm (trillion cubic metr@4jut not enough is known to estimate the
potential reserves (Andrews 2013).

The Bowland Shale Formation is a source rock for the southern East Irish Sea gas and oil fields
and also the Formby oil field. Gas is sowté®m Namurian shales at the ElswiBlasfield in the

West Lancashire Basin and gas in other basins may have originated from Namurian strata, for
example at the Nook Farm and the Marishes to Malton gas fields along the southern margin of the
Cleveland Bais.
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The Craven Group has been shown to be within the gas window in boreholes drilled in the Cheshire
Basin, southeast of Milton Green and in the Gainsborough 2 borehole in the Gainsborough Trough.
These units are identified as the Craven Group on the GRAV-MDLM).

Yoredale Group i limestone with subordinate sandstone and argillaceous rocks

The late Dinantian to early Namuridforedale Group andearlier formation shale rocks may

have some shale gas potential in the Northumberland and Stainmore Trocainsebaey have

high TOCs in a largely ggsrone facies. However, these shales tend to be thin in the basins. A
possible play was indicated by the Errington well and thicker, shalier sequences might occur. This
group is identified as YORESSA on the GVS.

Carboniferous Rocks(Undifferentiated)

This unit is identified in a small region of tBast Midlands Provincet could include rocks from
any Carboniferous group present in the East Midlands prgvBm&land Shale Formationof
theCraven Groupr Yoredale Group:This unit is identified as CARBROCK on the GVS.

Dinantian Rocks (Undifferentiated)i limestone with subordinate sandstone and argillaceous
rocks

This unit is identified primarily in the centreortheast of England. It might contain the souom
Bowland Shale Formationof the Craven Group, see description above. This unit is identified as
DINA-LSSA on the GVS.

UNDERGROUND COAL GASIFICATION (UCG)

There has been no individual assessment for UGC potential from the UK Government or BGS.
Therefoe, all Coal Measures have been included, as for the GBRMUCG, seams of 2m or

thicker are required, at assumed depths of between 600 and 1200 m from the surface (Jones et al.,
2004).1t should be noted that UCG exploration is considered unlikely in the coming years
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Appendix3 T Defining groundwater

DEFINING G ROUNDWATER STATUS
Groundwater status, defined in Article 2.19, is

Nt he @wnressionalthe status of a body of groundwater, determined by the poorer
of its quantitative status and its chemic

andgood groundwater status Article 2.20 means

Afthe status achieved by a groundwatter bo
chemical status are at | east goodo.

Good groundwater chemical statusArticle 2.25 is defined as

Athe chemical status of a body of ground\
table 2.3.2 of Annex Vo,

andavailable groundwater resource Article 2.27 is defined as

i t h e-tetmamngal average rate of overall recharge of the body of groundwater less the
long-term annual rate of flow required to achieve the ecological quality objectives for
associated surface waters specified under Articte dyoid any significant diminution in

the ecological status of such waters and to avoid any significant damage to associated
terrestrial ecosystemso.

Further characterisatiasf groundwater bodies, or groups of bodies, Annex 2, section 2.2. of the
WEFD corsists of the following activities:

1 geol ogi cal characteristics of the groun

eol ogical unitso;

hydrogeol ogi cal characteristics of t he
onductivity, porosity and confinement 0;

characteristics of the superficial depo
roundwater body receives its recharge, including the thickness, porosity, hydraulic

onductivity, and absorptive properties o
stratechHarcadteomi stics of the groundwater

inventory of associated surface syste
face water with which the groundwater

ti mat es arfdratehof exchangeeotwater batwseen the groundwater body

associated surface systemso;

uf ficient data to calculate the | ong te
haracterisation of the ¢ hemingspkcificatmomp o s i
of the contributions from human activity. Member States may use typologies for

groundwater characterisation when establishing natural background levels for these bodies
of groundwatero.

T
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COMMON IMPLEMENTATIO N OF THE WFD

After the WFDwas adopteca Common Implementation Strategy (CIS) (EC, 2001) was developed
and agreed in May 2001. Thestablished a mechanism for developghgommon understanding

of approaches to, and implementation of, the W&Dwell aexamples ofjoodpractice Working

groups were convened to exchange information and experience related to the implementation of
the WFD. In 2003 the working group on water bodies prodlacguidance document (EC, 2003)

on the identification of water bodies. The following is a sumynud the salient points from the
guidance that was also-terated in the technical report on groundwater body characterisation and
risk assessment issued by Working Group C (the groundwpgeific working group of the EC)

in December 2005 (EQO005).

The CIS guidancenotes that:

ifa body of groundwater mu s t be within &
groundwater is necessarily within an aqui

It goes on to note that:

Athe environment al objectives ofenhanciegr ent i
and restoring good groundwater status apply only to bodies of groundwater. However, all
groundwater is subject to the objectives of preventing or limiting inputs of pollutants and
reversing any significant and sustained upward trend inthecoericr at i on of any

The documentfor the first time sets out more detailed guidance on the implementation of the
WEFD, indicating how to delineate groundwater bodies, including their upper and lower
boundaries. The guidance notes that the first step to identifying groundwater bodies is to interpret
the WFD definition of aquifers, i.e.

Ain respect of nwhfaitc acnan sftliotwi toefs gar osuingd wa t
abstraction would qualify as a significan

The guidance definessignificant flow of groundwater as one that

Awer e it [ prevent ed] from r eacoha drgctlyan a
depenént terrestrial ecosystem, would result in a significant diminution in the ecological
or chemical quality of that surface water body or significant damage to the directly

dependent terrestrial ecosryosutnedmsadt earn da sa fisa
ofmorethan10Ao f dr i nki ng wat er omsuffiianyto sewe580or av e
more people .

If either of these criteria is satisfied then the geological strata should be regarded as an aquifer.
With regard to delingtion of groundwater bodies, the guidance states that:

Athis does @ body omgramdwaterhrmust be delineated so that it is
homogeneous in terms of its natural characteristics, or the concentrations of pollutants or
level alterations within itHowever, bodies should be delineated in a way that enables an
appropriate description of the quantitative and chemical status of groundlwater

and that delineation must be undertaken in such a way that

A a grpundwateflow from one groundwater body to aher (a) is so minor that it can
be ignored in water balance calculations; or (b) can be estimated with adequate precision
[ such that it] wildl facilitate the assess

Finally, with respect to the identification of upper and lolweundaries to groundwater bodies,
the guidance recommends that:

Agroundwater bodies should be delineated
groundwater within an aquifer or aquifers that needs to be protected and, where necessary,
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enhanced thragh its inclusion in a body of groundwater should depend on the risks to the
Directivebs objectiveso.

The guidance notes that the latter
Al s a matter for Me mber States to deci de
|t

characteristics and the riskstotbei r ect i vebs objectives.
groundwater i s subject to the O6éprevent or
it is i dentified as being part of a body

More generally, the guidance notes that:

i al t hmost grdssures will affect the relatively shallow component of a groundwater
flow, groundwater flow [and chemical status] at depth can still be important to surface
ecosystems even though this may be over an extended timescale. Human alterations to
grourdwater flow [and chemical status] at depth can affect shallow groundwater and thus
potentially the chemical and ecological quality of connected surface ecosystems. Deep
groundwater may also be an important resource for drinking water or other uses. KHowever
Member States would not be expected to identify deep groundwater as water bodies where
that groundwater (a) could not adversely affect surface ecosystems; (b) are not used for
groundwater abstraction; (c) was unsuitable for drinking water supply bexfatsseatural
qualities or because its abstraction would be technically unfeasible or disproportionately
expensive; and (d) could not place the achievement [of] any other relevant objectives at
ri sko.

In addition, it notes that

Athe Directs vefoésageiffifenri tamech body of grour
bodies to be identified either (a) separately within different strata overlying each other in
the vertical plane, or (b) as a single body of groundwater spanning the different strata. This
flexibility enables Member States to adopt the most effective means of achieving the
Directiveds objectives given the characte
they are subjected. For example, where there are major differences in status of the
groundwater in strata at different depths, it may be appropriate to identify different bodies

of groundwater (i.e. one on top of another) to ensure the status of groundwater can be
accurately described, and t he Bimitarcatdria ve 6 s
should be applied in defining the upper and lower boundaries of the groundwater body as
to the geographical boundaries ... . In other words, to facilitate the estimation of
guantitative status, the upper and lower boundaries should be ti@teon geological
boundaries and then on other hydraulic bo

In conclusion, the Guidance (EC, 2003) recommended that an iterative, hierarchical approach be
adopted to identifying aquifers and the boundaries to groundwatiésbti recommended that
some combination of geological boundaries,

Athe starting point for identifying the
should be geological boundaries to flow, unless the description of status and the effective
achievema t of the Directiveds environme-nt al
di vision into smaller groundwater bodi eso

and groundwater highs or divides

i s 4dibisions of an aquifer or aquifers that cannot be based on geological boundaries
should be based imlly on groundwater highs or, where necessary, on groundwater flow
l i neso

and flowlines should be used. Howewie details ohowthis was donevas to left to individual
Member States tdecideaccording to best local practicgpecifically it was stad that:
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fiThe degree of subdivision of groundwater into bodies of groundwater is a matter for
Members States to decidathe basis of the particular characteristics of their River Basin
Districts. In making such decisions, it will be necessary for MerSkates to balance the
requirementto adequately describe groundwater status with the need to avoid the
fragmentation of aquifers into unmanageable numbers of water bodies

In 2009 the European Commission published Guidance Document 22 (EC, 2009) whazlt sets
the common implementation strategy for the Geographical Information System (GIS) elements of
reporting related to EU water policy, including the WFD and Groundwater Directive. Appendix
13.3 to report No. 22 (EC, 2009) specifically dealt with issuescated with reporting of
geographical data including the reporting of 3D groundwater bodies. Appendix 13.3 notes that
under the WFD the following data are requested as a minimum to be provided for each
groundwater body: a unique identification cpdameof groundwater bodyx (longitude) ce
ordinate of the centroid of the bqdy(latitude) ceordinate of the centrojénd size (surface area,

m?). However, reporting information about groundwater horizons and whether or not overlying
groundwater bodiesxest is optional.

Annex 15 of Appendix 13.3 notes that

AGWBs [ gr oundwat aimensional enstiss] hoveevee thet rdpresergation

of the feature willbeasP pol ygons ¢é it i s necessary in
above them with not igeical boundarieto distinguish them idifferent horizons (layers).
Groundwater bodies like this overlay each other and should be diffeedrtimough

horizon code or separated files. Some countries delineated groundwater bodies in this way
(alluvial deposit horizon (layer), main horizon (layer), deep horizon (layer), thermal or

mi neral water horizon (|l ayer) etc.)o

LATERAL BOUNDARIES T O GROUNDWATER BODIES

UKTAG (2011) extends the CIS guidance (EC, 2003) on the identification of groundwater lateral
boundaries by proposing that lateral boundaries to groundwater bodies can be identified using the
following features:

1 Groundwater flow divides, using surface

roxies where information is | imited?o;

P r e s aiations, where these are significant at a river basin level and where they

equire variations in management 0;

Natural chemistry variations, where they
potable abstraction, or where they influence the fisxkty to, and management of,
pressures. For example, groundwater is considered to have limited resource value where
its natural salinity exceeds the limit for human consumption, and is considered to have no
resource value where it exceeds thatof seawa 0; and,

T ACoastline, unl ess there 1is specific evi
coastline has a resource valueo.

It is also noted that

T

N 2 @ B 1

Ahydraulic boundaries should be used wher
WFD to calculateh ws bet ween groundwater bodieso.

101



OR/18/12

EXAMPLES OF INTERNAT IONAL BEST PRACTICE

European Union

Despite the development ofcammon implementation strateg@1S), the manner in which the

WFD and Groundwater Directive has been applied in relation to the identification of aquifers, and
in particular the identification of the boundaries of deep groundwater bodies varies between
Member States. However, details of hddember States have gone about the process of
identifying deep groundwater cannot be assessed systematically as they are not obliged by the
Commission to publish the detailed methods that have been used. There is some limited
information, obtained primarilthrough grey literature or through a few peeviewed papers in
academic journals, related to the processes by which individual Member States have identified the
boundaries of aquifers and defined groundwater bod@estable belowprovides links to somof

the limited information related to how individual Member States undertake such tasks.

Generally, since groundwater systems and groundwater bodies are invariably defined in the first
instance on the distribution of rock types within a region or cguwmlifferences in the way
Member States have defined boundaries to aquifers and groundwater bodies reflects the wide range
of hydrogeological contexts and settings across Europe. The following are some seleceted, non
systematic, examples and illustratiorfshow Member States have, or have not, defined deep
groundwater systems.

For some Member States and regions within Europe, deep groundwater systems have not been
considered at all due to the hydrogeological setting. For example, on relatively smalsiatasd

such as Cyprus and Malta, groundwater systems are typically relatively shallow. Aquifer and
groundwater boundaries are controlled not just by the extent of geological formations but by the
location of coastlines and the extent and nature of th&ingsunterfaces between fresh water and
seawater. For example, in Cyprus half of the
and most of these are subject to significant seawater intrusion (Republic of Cyprus, 2016). Another
example is the Meese islands which are composed of two porous fractured limestone aquifers,
the Upper Coralline Limestone and the Globigedioaver Coralline Limestone separated by a
sequence of clays and marls (Maltese Resources Authority, 2016).
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A second group ofMember States where deep groundwater systems, deep aquifers and
groundwater bodies are not important features of their groundwater resources are in Scandinavia,
such as Sweden and Finland. Groundwater bodies in this hydrogeological setting are typically
restricted to shallow weathered basement systems or fluvioglacial deposits in connection with
numerous small, often isolated surface water bodies. For example, Sweden has about 3000
groundwater bodies primarily in small Quaternary deposits of sand and gremayhout the
country (McCarty and Gustafsson, 2011; Lang et al., 2011) although some sedimentary bedrock
groundwater bodies have been identified. In this setting, the base of the groundwater bodies is the
base of the Quaternary deposits where it @sthie underlying metamorphic or igneous basement

and is typically very shallow.

However, across much of Europe aquifers are present over a wide range of depths. Member States
have used a variety of information sources, criteria and procedures to defeedht of aquifers

and groundwater bodies. Information used may include data on geological units, and the
hydrogeological characteristics of those unitecluding hydraulic conductivity, water chemistry,

and degree and nature of confinement, as weN@ence for hydraulic boundaries or groundwater
divides and flow lines (as recommended in EC, 2003). What is typically lacking is any description

of the criteria or procedures that have been used to define groundwater bodies and particularly
deep groundater systems. Even when there is some information about how aquifer and
groundwater bodies have been defined it is typically restricted to the identification of lateral
boundaries and rarely is the identificatiortlug base of aquifers explicitly addresise

For example, Czarnieckdanuszczyk et al. (2011) and Sanchez et al. (2009) presented graphical
representations of how groundwater bodies are defined in Poland and in Malaga, Spain based on
a combination of considerations related to geology and hydmgjeal characteristics. In both

cases the conceptualisations focus on identification of lateral boundaries of groundwater bodies
based on changes in geology or hydrogeological divides at or near the land surface. However, in
both cases the base of the Istvaquifer / groundwater body is undefined in the schematic-cross
sections and no criteria have been set to define the base of the system within the wider studies.
The lack of an explicit definition of the base of an aquifer or groundwater body is a common
deficiency in the description and characterisation of European groundwater systems.

In France, the principles for defining the groundwater bodies closely follow the Groundwater
Directive and CIS Guidance. For example, Barraque et al (2010) descripeotess used as
follows:

T Ageologic and hydrogeologic <criteria,
hydrogeologic unit, decomposed into 6 types of aquifers (alluvial/bedrock/volcanic/
mostly non alluvial sedimentary/mountain composite hydrogeologigatemss
intensely folded/impervious systems but locally containing small disjoint aquifer
units);

71 the limits of groundwater bodies are stable and not variable in time (impervious
geologic limits, stable piezometric tops; flow lines);

q all boreholes givingnore than 10 fid of drinking water or used for producing drinking
water for more than 50 people must belong to a groundwater body, therefore in practice
all aquifers are considered;

1 deep groundwater, unconnected to rivers or surface ecosystems, intdrels no

withdrawal and which cannot be used for drinking water supply because of its poor

quality or for technicakconomical reasons may be excluded from the list of
groundwater bodies;

groundwater bodies may exchange water as long as this can bstoodiuantified;

for large groundwater bodies, they may have spatially variable heterogeneity of their

hydrogeological characteristics and quantitative or qualitative status;

1 subdividing groundwater bodies for taking into account human pressure must be
limited; it is acceptable only for particular problems (e.g. point pollution plumes from

= =4
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industrial sites, active or not, piezometric depressions linked to overexploitation; this
subdividing can only be made if the zone of interest needs that specifit\agdme
defined, different from the rest of the

Note that deep groundwater systems are specifically excluded from the groundwater body
designationon the grounds of lack of connection with rivers and surtamesystems and an
absence of abstraction for drinking water because of poor quality or for technical or economic
reasons. However, no specific criteria related to these considerations, for example thresholds for
quality or abstraction are noted by Barraaat al (2010).

Another example of how groundwater bodies have been defined for a Member State can be found
in the report by the UmweBundesamt (2007) on the implementation of the WFD in Bulgaria,
and specifically for the Osan and Vit sbasins of th&anube River Basin.

The following summary of how the boundaries of groundwater bodies have been defined is given:

Athe boundaries of the groundwater bodies
stratigraphic sequence, the first layer contair@nhg Quaternary aquifers, the second
Neogene and Paleogene aquifers, the third mostly Karst aquifer massifs and basins and the
fourth is the location of the most deeply located water bodies. The denomination of the
bodies follows the largely used denontioa of aquifers in the specialized literature ...

when the GWB consists of two or more layers, a focus is given to the overlaying and/or
the most productive one. The basic materials used are a geological map [and] hydrological
maps. 0O

It is primarily basedn preexisting hydrostratigraphic mapping, with aquifers and groundwater
bodies ranging from alluvial sediments with an average thickness of about 10 m and a
transmissivity of 60 to 1100 #, to suites of sandy marls down to depths of 2500 m with spring
discharges of about 1 I/s. However, there is no indication of how the base of any of these units is
defined based on hydrostratigraphic criteria.

The lack of any explicit criteria to define the base of groundwater bodies, or even the
conceptualisation ofleep groundwater systems, appears tcabmmmonfailing throughout
Member StatesAlthough soméviember Statedo haveexplicit criteria for the designation of the
lower boundary of groundwater bodiesuch asCroatia (Brkic, 2008) where the base of
Groundvater Bodies is defined by groundwater temperatures of greater tH&h &l
mineralisation >1000 mg/l. Although it is also noted that

AAqui fers of thermal [sic] and mineral wa
there is not enough databo.

Other states who have also given some consideration to the regulation of deep groundwater
systems, even if it is not clear if there are specific criteria related to the delineation of deep
groundwater bodies, are those with relatively deep karst systemaréhased for both water
supply and for the production of geothermal energy. For example, Sanchez et al. (2009) describe
how the effective exploitation depth of a deep limestone aquifer, the Sierra de Mijas aquifer from
Malaga, Spain is used to define thasé of the Groundwater Body as follows:

nSierra de Mijas groundwater body i s mad:
Neogene and Quaternary detrital deposits belonging to the Bajo Guadalhorce groundwater
body. In this area the abstraction borebaee rarely deeperthan500 é when t he
to the Sierra de Mijas aquifer is greater than B)@umping wells are not deep enough to
abstract water from it and then only one

Another example of regulain of deep karst systems is Hungary where licences for abstraction of
thermal waters down to 2500 m below ground level are granted, but not below 2500 m (Szocs,
2013).
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Australia

As part of the national water quality management strategy for Australidelopgs for
groundwater quality protection (Australian Government, 2013) state that-bagskl approach
should be used, the concepts of intergenerational equity, polluter pays and precautionary principles
should all be applied, and that:

AThe prroanagsgthefprotection of groundwater quality is one of risk assessment
that identifies where action is required, followed by implementation of management
measures to protect groundwater quality o

and that as part of this process it is noted that

Aunderstanding the groundwater system to
applyingtherisko ased fr amewor ko.

This initial understanding should be based on a conceptual model of the groundwater system and
include consideration of the system hdaries, stratigraphy, geological structure, groundwater
flow paths, hydraulic properties of the aquifers and other factors including

Ahi storical, current and expected future

And although no details are provided as to howithigl conceptualisation should be undertaken
reference is made to the Australian Groundwater Dependent Ecosystems Toolbox (NWC, 2011).
There is no specific reference in the guidance (Australian Government, 2013) to the identification
of deep groundwatesystems, but the following observations are pertinent to deep systems:

Al n data poor environments many component
These knowledge gaps can be dealt with in two ways: either further research/investigation
should baundertaken to address the knowledge gaps, or they should be identified as areas
of uncertainty to which the precautionary principle is applied in the groundwater quality
protection plan. A lack of knowledge concerning the potential impacts of a hazatd sho

not be used to justify a delay in establishing groundwater protection measures. Rather, the
knowledge gaps should be identified and addressed through adaptive management where
necessary within a riskased approach. The level of risk will assist iredetning the most
appropriate course of action where data is limited, as high risk areas may warrant further
investment to fulfil knowledge gaps, while in lower risk areas acknowledgment of the
uncertainties and application of precautionary measuresmaybe f i ci ent . 0

The Environmental Value concept of a groundwater system is the key tool used to set water quality
objectives (Australian Government, 2013) as follows:

AAn Environmental Valwue is a particular v
for the maintenance of a healthy ecosystem or for public benefit, welfare, safety or health,
and which requires protection from the effects of contamination, waste discharges and
deposits. Different Environmental Values are values or uses of the groundisite
support aquatic ecosystems, primary industries, recreation and aesthetics, drinking water,

i ndustrial water, and cultural and spirit

When introducing a framework for assigning environmental value categories to groundwater
systems, the gdance cites the Victorian State Environment Protection Policy (EPA Victoria,
1997) which gives examples of how total dissolved solids (TDS) can be used to determine
appropriate environmental e categories for groundwat@nd notes that

AThi s agqnisest@ahsalinity often determines the possible uses of groundwater.
The policy also includes provision for precluding certain beneficial uses if another
background quality indicator will be detrimental to the beneficial use (determined based
on salinity); if aquifer yields cannot sustain a particular beneficial use; or if an existing
poll uted groundwater zone has been i denti
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Note that the indicated maximum TDS for acceptable potable water supply of 1000 mg/l is the
same as used by Croatia tefide their groundwater bodies (Brkic, 2008) and considered
unpalatable by the WHO (2011).

Commentary on the application of the Environmental Value categories does, however, include a
consideration of potentially deep groundwater sources, as follows:

i P hicalconstraints on groundwater extraction may cause some Environmental Value
categories to be disregarded through community consultation, for example where aquifer
yields or soil characteristics mean groundwater cannot be extracted for industrial or
agriaultural use. ... Similarly, aquifer depth is not a sufficient reason to disregard certain
Environmental Value categories since the economics of water supply could make deep
groundwater sources viable in the future. Potential use of the groundwater uiuitee f
Sshould also be a determinant of Environme

and

AThere may be circumstances where a groun
Environmental Value category, due to its depth, remote location or poor quality water. An
example of thiss where a deep confined aquifer in a stable geological formation contains
extremely poor natural quality water (for example due to high salt or radionuclide levels)
and there are no current users of the aquifer. This confined aquifer may be sought to be
developed as a long term depository for wastes. As a consequence, an Environmental Value
of industrial water use would apply and this would set the baseline for future groundwater
quality protection measures. Another example is the extraction of podiyaralindwater
associated with coal seam gas extraction. In such situations, these guidelines should be
applied, particularly the precautionary principle, to ensure that changes in pressure and
quality do not result in deterioration of the assigned Enwnemtal Values of overlying or
adjacent aquifers. The long timeframes involved in contaminant transport in deep confined
groundwater systems mean that impacts may not be observed for a long time, are difficult
to predict, and remediation may not be possMlaste disposal and further degradation of
aquifers must be assessed with a strong emphasis on the precautionary, intergenerational
equity and polluter pays principles. These principles imply that an aquifer should not be
further degraded if there is aaiice of significant future problems or if the potential to
assign certain Environmental Valwue catego

North America

The Clean Water Act (CWA2002 established the basic structure for regulating discharges of
pollutans into the waters of the United States and regulating quality standards for surface waters
only. Groundwater in the United States of America is subject to regulation and protection through
the Safe Drinking Water Act (SDWA) of 1974 which protects drinkirager sources including

rivers, lakes, reservoirs, springs and groundwater wells (with the exception that it does not regulate
private wells that serve fewer than 25 individuals). A summary of the regulations and a history of
amendments to the Act can mihd on the United States Environmental Protection Agency (US
EPA or just EPA) website at:

https://www.epa.gov/sites/production/files/2004/documents/epa816f030.pdf.

Essential components of the SDWA include protection and prevention, whereby States and water
suppliers must conduct assessments of water sources to see where they may be vulnerable to
contamination. Water suppliers may also voluntarily adoptrprog to protect their watershed or
wellhead, and states can use legal authorities from other laws to prevent pollution.

The SDWA is designed to pr eventSouchsroPraking t o \
Water (Section 1421(b)), where EPA regulasi¢d0 CFR 144.3) define a USDW as follows: an
aquifer or its portion: which supplies any public water system; or which contains a sufficient
guantity of ground water to supply a public water system; and that currently supplies drinking
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water for human comgnption or contains fewer than 10,000 mg/l TDS; and which is not an
exempted aquifer. Note that there is no guidance on how to define the lateral or vertical extent of
aquifers.

Individual states and federal agencies define freshwater as typicallyiD®eange <1,000 mg/l
to <3,000 mg/l (Kang and Jackson, 2016).

Exemptions to the Act remove the protection to groundwater and are regulated by the EPA. To
grant an exemption, the EPA must determine that the proposed exemption area is not a current or
future source of drinking water following the criteria at 40 CFR 146.4 (more details regarding
exemptions and the framework for the EPA Underground Injection Control (UIC) program to
control the injection of wastes into groundwater can be fouht://www.epa.gov/uic/aquifer
exemptionsundergrounenjectioncontrotprogran). The EPA and States implement the UIC
program, which sets standards for safe wiageetion practices and bans certain types of injection
altogether.

Addi tional regulation of groundwater include
force in 2006 and which provides protection against microbial pathogens in public water systems
using groundwater sources (sé@éps://www.epa.gov/dwreginfo/grouswiaterrule for more
information).

In this context, the EPA provides oversight, guidance and regulation related to ahalady
environmental protection summarised hatgs://www.epa.gov/hydraulicfracturing#providing
Specifically with respect to groundwater protection, the EPA provide technical mezmhations

for protecting USDWs for a range of wddhsed activities including (Calls II) oil and gas related
injection wells, with specific technical guidance when diesel fuels are used in fracturing fluids or
propping agentshftps://www.epa.gov/uic/diesélielshydraulicfracturingdfhf ). Their current
position is summarised in their recentrefot As sessment of the Potent
fracturing for Oil and Gaen Drinking Water Resource’l$ EPA, 2015).
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https://www.epa.gov/uic/aquifer-exemptions-underground-injection-control-program
https://www.epa.gov/dwreginfo/ground-water-rule
https://www.epa.gov/hydraulicfracturing#providing
https://www.epa.gov/uic/diesel-fuels-hydraulic-fracturing-dfhf
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SELECETED SOURCES OF INFORMATION ON DEFINITIONS OF GROUNDWATER
AND GROUNDWATER BODI ES IN EU MEMBER STATES

Member References & sources of information
States
Austria GLYLX SYSydlFidAazy 2F GKS 9! 2| (S Sioudduatef §ualidydpecBprondsdes A ¢

F LILX ASR FyR OdzNNBy i wawiskph.§ot.rs/dovnlofSTEWatei’GW WFD i {ATppt

Groundwater management in Large River Basitited by Milan Dimkic, Heirlurgen Brauch, Michael C. Kavanaugh

http://www -naweb.iaea.org/napc/ih/documents/2015 Symposium/Session7/KralikViennaBasinlAEA 150514 v1

Belgium http://cartol.wallonie.be/webgis escaut public_en/pdf/EN MESO.pdf

EC Report on the implementation of the Water Framework Directive River Basin Management Pla(2)E)D

http://ec.europa.eu/environment/water/waterframework/pdf/4th report/MS%20Annex%2#20Belgium.pdf

Bulgaria Groundwater bodies in Bulgaria: Identification & delineatpractices.

http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies/Presentation 04ospadf.pdf?
blob=publicationFile&v=2

See also

http://www.inweb.gr/workshops2/Workshop Thessaloniki June 08/presentation pdf/Bulgaria 2.pdf

Implementation of the WFD in the Bulgarian part of the Danube catchment

http://www.umweltbundesamt.de/sites/default/files/medien/publikation/long/3346.pdf

178 GWbodies defined in 7 layers based on porous, karstic and fissured rock types.

Uncertainty in transition zone from fresh to mineralised deep groundwater bodies identified as a difficulty.

Work on groundwater bodies in the Danube catchment in Bulgariadesldefinition of deep groundwater bodies dow|

to 2500m associated with spring discharges of ud.dmn?®/s.

Croatia Initial characterisation of groundwater bodies in Croatian karst (Brkic, 2008)

https://www.unece.org/fileadmin/DAM/env/water/meetings/karst_croatia 2008/Brkic_et al Initial%20characterizz

n%?200f%20groundwat@620bodies%20in%20Croatian%20karst.pdf

Approach to groundwater body delineation in Croatia

http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies 2011/poster 02 brkic pdf.pd

blob=publicationFile&v=3

Groundwater bodies in the Croatian part of the Danube river basin

http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies/Poster 02 Croatia_pdf.pdf? |

b=publicationFile&v=2

Groundwater bodies in the Sava river Basin

http://www.savacommission.org/dms/docs/dokumenti/srbomp _micro_web/backgroundpapers final/nnno 2 backg

d paper gwbs in_the sava rb.pdf

[26SN) 62dzy RENASE 2F / NBFGALY YIFNBRG RSTAYSR o6& GSYL

2008)

Cyprus Cyprus water resourcegtp://www.moa.gov.cy/moa/wdd/Wdd.nsf/resources_en/resources_en

GW Body status

http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies 2011/poster 03_constantinol

f.pdf? __blob=publicationFile&v=2

Water Resource Management in Cyprus

http://brawa.uest.gr/uploads/dodou.pdf

Czech http://www.geology.cz/rebilance/english
Republic
Denmark http://www.danishwaterforum.dk/Research/Annual%20meeting%202015/Presentations/Session

4/L%20Thorling%20GEUS. pdfl
https://prezi.com/vf743tbypn_/modellinga-spatiatdatabasefor-danishgroundwaterbodies/and
http://web.natur.cuni.cz/luwq2015/download/poster/223 sessionE_Danisheg@0ndwater%20status.pdf
Estonia https://www.unece.org/fileadnin/DAM/env/water/meetings/Assessment/Kiev%20workshop/Presentations/basin%o
resentations/Presentation_2ndAssessment Kiev_Groundwater Riismaa BE&opdf
file://IC:/Users/jpb/Downlcads/veepoliitika_aruanne eng.pdf

Finland http://www.borenv.net/BER/pdfs/ber13/berl3381.pdf
France http://www.easac.eu/fileadmin/PDF_s/reports statements/France Groundwater country report.pdf
Germany http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaligen/workshop gwbodies/Presentation 03 thomas_walte|

ppt.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1 cid284? blob=publicatioaRiie&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop _gwbodies/Presentation 05_schenk pdf
sessionid=D219EC4F55420AA2B962C56C555EA04D.1 cid284pukikdironFile&v=2

Water Resource Management in Germany (Parts 1 & 2)
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/wawi_teil 01 englisch_barrierefre
df and

https://www.umweltbundesamt.de/sitesdefault/files/medien/publikation/long/3771.pdf

Greece http://www.easac.eu/fleadmin/PDF_s/reports statements/Greece Groundwater country repdrt.pd
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http://www.sepa.gov.rs/download/ETCWater/GW_WFD_in_AT.ppt
http://www-naweb.iaea.org/napc/ih/documents/2015_Symposium/Session7/KralikViennaBasinIAEA_150514_v1.pdf
http://carto1.wallonie.be/webgis_escaut_public_en/pdf/EN_MESO.pdf
http://ec.europa.eu/environment/water/water-framework/pdf/4th_report/MS%20Annex%20-%20Belgium.pdf
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_04_spasov_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_04_spasov_pdf.pdf?__blob=publicationFile&v=2
http://www.inweb.gr/workshops2/Workshop_Thessaloniki_June_08/presentation_pdf/Bulgaria_2.pdf
http://www.umweltbundesamt.de/sites/default/files/medien/publikation/long/3346.pdf
https://www.unece.org/fileadmin/DAM/env/water/meetings/karst_croatia_2008/Brkic_et_al_Initial%20characterization%20of%20groundwater%20bodies%20in%20Croatian%20karst.pdf
https://www.unece.org/fileadmin/DAM/env/water/meetings/karst_croatia_2008/Brkic_et_al_Initial%20characterization%20of%20groundwater%20bodies%20in%20Croatian%20karst.pdf
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_02_brkic_pdf.pdf?__blob=publicationFile&v=3
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_02_brkic_pdf.pdf?__blob=publicationFile&v=3
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_02_Croatia_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_02_Croatia_pdf.pdf?__blob=publicationFile&v=2
http://www.savacommission.org/dms/docs/dokumenti/srbmp_micro_web/backgroundpapers_final/nnno_2_background_paper_gwbs_in_the_sava_rb.pdf
http://www.savacommission.org/dms/docs/dokumenti/srbmp_micro_web/backgroundpapers_final/nnno_2_background_paper_gwbs_in_the_sava_rb.pdf
http://www.moa.gov.cy/moa/wdd/Wdd.nsf/resources_en/resources_en
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_03_constantinou_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_03_constantinou_pdf.pdf?__blob=publicationFile&v=2
http://brawa.uest.gr/uploads/dodou.pdf
http://www.geology.cz/rebilance/english
http://www.danishwaterforum.dk/Research/Annual%20meeting%202015/Presentations/Session-4/L%20Thorling%20GEUS.pdf
http://www.danishwaterforum.dk/Research/Annual%20meeting%202015/Presentations/Session-4/L%20Thorling%20GEUS.pdf
https://prezi.com/vf743tlpypn_/modelling-a-spatial-database-for-danish-groundwater-bodies/
http://web.natur.cuni.cz/luwq2015/download/poster/223_sessionE_Danish%20groundwater%20status.pdf
https://www.unece.org/fileadmin/DAM/env/water/meetings/Assessment/Kiev%20workshop/Presentations/basin%20presentations/Presentation_2ndAssessment_Kiev_Groundwater_Riismaa_EE.pdf
https://www.unece.org/fileadmin/DAM/env/water/meetings/Assessment/Kiev%20workshop/Presentations/basin%20presentations/Presentation_2ndAssessment_Kiev_Groundwater_Riismaa_EE.pdf
file:///C:/Users/jpb/Downloads/veepoliitika_aruanne_eng.pdf
http://www.borenv.net/BER/pdfs/ber13/ber13-381.pdf
http://www.easac.eu/fileadmin/PDF_s/reports_statements/France_Groundwater_country_report.pdf
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_03_thomas_walter_ppt.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_03_thomas_walter_ppt.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_05_schenk_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_05_schenk_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/wawi_teil_01_englisch_barrierefrei.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/wawi_teil_01_englisch_barrierefrei.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/publikation/long/3771.pdf
http://www.easac.eu/fileadmin/PDF_s/reports_statements/Greece_Groundwater_country_report.pdf
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Member References & sources of information

States

Hungary Groundwater governance in Hungary and regional overview
http://www.fao.org/fileadmin/user_upload/gromdwatergovernance/docs/Hague/Presentations/Day1/P4
Szocs GroundwaterGov_pres.pdf
Groundwater in Hungary
http://www.kvvm.hu/szakmai/karmentes/kiadvanyok/fav2/fav2 eng.matid
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/vkshop _gwbodies/Poster 10 _Hungary pdf.pdf;jse
onid=D219EC4F55420AA2B962C56C555EA04D.1 cid284? blob=publicationFile&v=2
Regulation of groundwater down to 2500m for abstraction of thermal waters

Ireland http://www.wfdireland.ie/Documents/Characterisation%20Report/Background%20Information/Analaysis%200f%2
racters/Groundvater/GW2%20Groundwater%20Body%20Delineationgyaf
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies/Poster 16 Ireland _MainPost
0.pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1 cid284? blob=publicationFile&v=2

Italy http://www.bgr.bund.de/EN/Themen/Wasser/Verandtangen/workshop gwbodies/Poster 11 ltaly Lucio Martarel
pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1 ¢id284? blob=publicationFile&v=2

Latvia http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies/Presentation 07 kadunas pq
?__blob=publicationFile&v=2

Lithuania http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies/Presentation 07 kadunas pq
;jsessionidB219EC4F55420AA2B962C56C555EA04D.1 cid284?  blob=publicationFile&v=2

Malta http://mra.org.mt/hydrogeology/wfd/wfd-identification-of-groundwaterbodies/

Netherlands | http://www.wfd -croatia.eu/userfiles/file/presentations%20download/Dutch Groundwater delineation(1).pdf
The Netherlands has delineat@3 fairly large groundwater bodies (average size 1894 Delineation was based on
hydraulic characteristics (subsurface, top zone), salinity and usage (coastal aquifers), and administrative borderg

Poland http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop _gwbodies 2011/poster 04 czarniecka |
df?__blob=publicationFile&v=2

Portugal http://www.easac.eu/fileadmin/PDF_s/reports statements/Portugal Groundwater country reporapdf
http://www.easac.eu/fileadmin/PDF_s/reports statements/Easac_Groundwater WebVersion.pdf
SEUMS report notes only 91 GW Bodies identifieditugalbut ~700in faind 2 a ¢ KA & NI A&aSa |jd
YSiK2R2t 238 | yR 6KSGUKSNI GKS RATFSNByOSa NBTt SO0 RA

Romania https://www.unece.org/fileadmin/DAM/env/water/meetings/Assessment/Kiev%20workshop/Presentations/basin%,
resentations/Presentation _2ndAssesent Kiev_groundwater Bretotean RO.pzaifd
http://sgem.org/sgemlib/spip.php?article2761

Slovakia Water Plan of Slovak Republic
http://old.vuvh.sk/download/RSV/00 VPS/Water Plan_of the Slovak Republic.pdf

Slovenia Groundwater bodies in the Sava river Basin
http://www.savacommission.org/dms/docs/dokumenti/srbomp_micro_web/backgroundpapers final/nnno 2 backg
d_paper_gwbs_in_the sava rb.pdf

Spain Overview of groundwater resources in Spain
http://www.rac.es/ficheros/doc/00587.pdf
and
http://www.umweltbundesamtat/fileadmin/site/umweltthemen/wasser/Grundwasser/conference/Abstracts Preser]
tions/2_4 Varela.pdand
http://www.easac.eu/fileadmin/PDF_s/reportstatements/Spain_Groundwater country report.pdf
and good paper describing GW Body delineation in Malaga
http://www.sciencedirect.com/science/article/pii/S0301479708003186
(deep aquifers defined by pumping depth max of ~500m)
HernandezMoraetal (200)y 2 1S &! LINBOAAS SadGAYlIGS 2F GKS Gz2dal ¢
be easy to calculate. Depending on the study, estimates vary between 150,00@&iwh3®0,000 Mm3 . However,
actual reserves are probably much higher, since the existing calculations only take into account the volume store|
1005200 m depth and do not consider unofficial hydrogeologicitsywhich now are clearly included in the new
definition of groundwater bodies, and whose reserves can be significant. In any case, groundwater reserves pres
much higher storage than surface water infrastructures, whose full capacity is about 53,0000flthese, on average
only 37,425 Mriare annually available for usz¢

Sweden Groundwater bodies in Sweden

http://www.geozentrum-

hannove.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies 2011/poster 08 mccarthy pdf.pdf? bl
ublicationFile&v=and

http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop gwbodies/Poster 13 Sweden_pdf.pdf?
b=publicationFile&v=2

Primarily from Quaternary (shallow) deposits with ~50% of all groundwater abstraction for public water sup[ply ba
on artfficial recharge
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http://www.fao.org/fileadmin/user_upload/groundwatergovernance/docs/Hague/Presentations/Day1/P4-Szocs_GroundwaterGov_pres.pdf
http://www.fao.org/fileadmin/user_upload/groundwatergovernance/docs/Hague/Presentations/Day1/P4-Szocs_GroundwaterGov_pres.pdf
http://www.kvvm.hu/szakmai/karmentes/kiadvanyok/fav2/fav2_eng.pdf
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_10_Hungary_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_10_Hungary_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.wfdireland.ie/Documents/Characterisation%20Report/Background%20Information/Analaysis%20of%20Characters/Groundwater/GW2%20Groundwater%20Body%20Delineation.pdf
http://www.wfdireland.ie/Documents/Characterisation%20Report/Background%20Information/Analaysis%20of%20Characters/Groundwater/GW2%20Groundwater%20Body%20Delineation.pdf
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_16_Ireland_MainPoster_A0.pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_16_Ireland_MainPoster_A0.pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_11_Italy_Lucio_Martarell_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_11_Italy_Lucio_Martarell_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_07_kadunas_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_07_kadunas_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_07_kadunas_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Presentation_07_kadunas_pdf.pdf;jsessionid=D219EC4F55420AA2B962C56C555EA04D.1_cid284?__blob=publicationFile&v=2
http://mra.org.mt/hydrogeology/wfd/wfd-identification-of-groundwater-bodies/
http://www.wfd-croatia.eu/userfiles/file/presentations%20download/Dutch_Groundwater_delineation(1).pdf
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_04_czarniecka_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_04_czarniecka_pdf.pdf?__blob=publicationFile&v=2
http://www.easac.eu/fileadmin/PDF_s/reports_statements/Portugal_Groundwater_country_report.pdf
http://www.easac.eu/fileadmin/PDF_s/reports_statements/Easac_Groundwater_WebVersion.pdf
https://www.unece.org/fileadmin/DAM/env/water/meetings/Assessment/Kiev%20workshop/Presentations/basin%20presentations/Presentation_2ndAssessment_Kiev_groundwater_Bretotean_RO.pdf
https://www.unece.org/fileadmin/DAM/env/water/meetings/Assessment/Kiev%20workshop/Presentations/basin%20presentations/Presentation_2ndAssessment_Kiev_groundwater_Bretotean_RO.pdf
http://sgem.org/sgemlib/spip.php?article2761
http://old.vuvh.sk/download/RSV/00_VPS/Water_Plan_of_the_Slovak_Republic.pdf
http://www.savacommission.org/dms/docs/dokumenti/srbmp_micro_web/backgroundpapers_final/nnno_2_background_paper_gwbs_in_the_sava_rb.pdf
http://www.savacommission.org/dms/docs/dokumenti/srbmp_micro_web/backgroundpapers_final/nnno_2_background_paper_gwbs_in_the_sava_rb.pdf
http://www.rac.es/ficheros/doc/00587.pdf
http://www.umweltbundesamt.at/fileadmin/site/umweltthemen/wasser/Grundwasser/conference/Abstracts_Presentations/2_4_Varela.pdf
http://www.umweltbundesamt.at/fileadmin/site/umweltthemen/wasser/Grundwasser/conference/Abstracts_Presentations/2_4_Varela.pdf
http://www.easac.eu/fileadmin/PDF_s/reports_statements/Spain_Groundwater_country_report.pdf
http://www.sciencedirect.com/science/article/pii/S0301479708003186
http://www.geozentrum-hannover.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_08_mccarthy_pdf.pdf?__blob=publicationFile&v=2
http://www.geozentrum-hannover.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_08_mccarthy_pdf.pdf?__blob=publicationFile&v=2
http://www.geozentrum-hannover.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies_2011/poster_08_mccarthy_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_13_Sweden_pdf.pdf?__blob=publicationFile&v=2
http://www.bgr.bund.de/EN/Themen/Wasser/Veranstaltungen/workshop_gwbodies/Poster_13_Sweden_pdf.pdf?__blob=publicationFile&v=2
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GROUNDWATER QUALITY IN ENGLAND

TDS-depth as a function of lithology
Based on data from the Geothermal catalsgue
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Figure A3.1 TDS and depth for Chalk (blue dots) and all formations combined (grey dots),
from BGS Cataloguesof Geothermal Data (Burley et al., 1984; Rollin, 1987)
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Figure A3.2 TDS and depth for Sherwood Sandstone (blue dots) and all formations
combined (grey dots), from Geothermal Catalogue@Burley et al., 1984; Rollin, 1987)
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Figure A3.3 TDS and depth for the Zechstein Group (blue dots) and all formations
combined (grey dots), from Geothermal Catalogue@urley et al., 1984; Rollin, 1987)
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Figure A3.4TDS and depth for the Coal Measures (blue dots) and all formations combined
(grey dots), from Geothermal CataloguegBurley et al., 1984; Rollin, 1987)
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Figure A3.5TDS and depth for the Millstone Grit (blue dots) and all formations combined
(grey dots), from Geothermal Catalogueg¢Burley et al., 1984; Rollin, 1987)
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Figure A3.6 TDS and depth for the Carboniferous Limestone (blue dots) and all formations
combined (grey dots), from Geothermal Catalogue@urley et al., 1984; Rollin, 1987)
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Maps of deep groundwater chemistry data from geothermal catalogues
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Figure A3.7 Distribution of groundwater chemistry data for England from Geothermal
Catalogues(Burley et al., 1984; Rollin, 1987)ata by type of sample
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Figure A3.8Distribution of groundwater chemistry data for England from Geothermal
Catalogues(Burley et al., 1984; Rollin, 1987)ata by depthof sample.
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Figure A3.9Distribution of groundwater chemistry data for England from Geothermal
Catalogues(Burley et al., 1984; Rollin, 1987)ata by aquifer.
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Appendix4 i Areas with important solution features

From Farrant (208)

1 Chalk; welldeveloped karst occurs in Dorset, near Salisbury, around Newbury and
Hungerford and in many parts of the Chilterns (particularly along the Palaeogene margin
between Beaconsfield and Hertford).

1 Purbeck Group, Jurasdiimestone and Corallian Grouparticularly in some of the
Portlandian and Purbeck limestones in Dorset and Wiltshire.

1 Cornbrash and Corallian limestones; around Oxford and on the southern flank of the

North York Moors.

Lincolnshire Limestone; karst ddeped south of Grantham.

Mercia Mudstone; where halite is presemhainly within the Triassic strata of the

Cheshire Basin, and to a lesser extent in Lancashire, Worcestershire and Staffordshire.

Subsidence has affected the main Triassic salt fieldgdimg Cheshire, Staffordshire

(Stafford), Worcestershire (Droitwich), coastal Lancashire (Preesall).

1 Permian rocks; halite of norast England. Where the saliferous Triassic rocks come to
outcrop, most of the halite has dissolved and the overlyingredbedded strata have
collapsed or foundered producing a buried salt karst. These areas commonly have saline
springs, indicative of continuing salt dissolution.

1 Permian salt; present at depth beneath coastal Yorkshire and Teeside. Here the salt
depositsand the karstification processes are much deeper than in the Triassic salt. Some
dissolution mining subsidence has occurred.

1 Gypsum karst; occurs in relatively small areas and is present mainly in a belt 3 km wide
and about 100 km long in the Permian ok eastern and nordastern England.
Karstification thicknesses are enhanced by the thickness of gypsum in the Permian
sequence and the fact that it has interbedded dolomite aquifers. Significant thicknesses of
gypsum also occur along the eastern sidb@® Vale of Eden. Gypsum palaeokarst
features also occur, especially along the coast of +ash England

1 Gypsum karst locally occurs in the Triassic strata, but the effects of karstification are
much less severe than in the Permian rocks. Mainly presereakly permeable
mudstone sequences. Active subsidence occurs in many places, especially around the
town of Ripon, and to a lesser extent in the eastern part of Darlington; it also occurs in
several other locations along the outcrop.

1 Zechstein Grouplolomites; lessoluble than pure limestones so karstic features are less
well developed. However the dolomites are closely associated with gypsum. Numerous
small cave systems are present along the outcrop from near Mansfield in the south to
Sunderland irthe north. Some sinking streams are present as are numerous springs, but
very few sinkholes occur. However, numerous open joints, incipient conduit systems on
bedding planes, palaeokarst, and sediment infilled fissures can be identified in road
cuttings ad quarries.

9 Limestonerich PermeTriassic conglomerates; in Mendip, and parts of Devon, host cave
systems, perhaps the most famous example being Wookey Hole in Somerset.

1 Carboniferous Limestone; hosts the best developed karst and longest cave sygtems in
country. Karst features are present on and within the majority of the ouRadularly
well-developed karst occurs in the Mendip Hills, in the Derbyshire Peak District and in
the Yorkshire Dales and adjacent areas, running up into the northennéXern.ess well
known karst areas include the Forest of Dean, and around the fringes of the Lake District.
In all these areas, walleveloped karstic drainage systems, sinkholes and extensive cave
systems are common.

= =
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1 Limestones of Devonian age; known wadlveloped cave systems in Plymouth,
Buckfastleigh and Torbay, in addition to stream sinks, karstic springs, sinkholes and
areas of irregular rockhead.

1 Limestones of Silurian age; in the West Midlands and Welsh Borders, but no significant
cave systems akeown.
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Appendix5 1 Characteristics of suburface hydrocarbon
activities

Oi | and gas have been typically extracted
migrated from the source rock and accumulated in a permeable reservoir. Low permeability
0traps6é, such a geol ogi cal f au lratingdurthem Recekt u n i
Improvements in extraction technology and an increase in economic viability have allowed for the
extraction of hydrocarbons from | ow per meab
conventional reservoirs or alternatively magthe hydrocarbon source rock, such as coal (CBM
and UCG) and shales (shale gas and oil ). The

Below is a summary of the extraction techniques referred to in Section 5, specific vulnerability.

ConventionalHydrocarbons Figure5.1)

There has beenrshore drilling for conventional hydrocarbons in the UK since theli@iiDs
when oil was discovered in Scotland, followed by gas in England in 1896. Thereamndycu0
sites with 250 operating wells producing between 20,000 and 25,000 barrels of oil equivalg
day (UKOOG, 2016).

Geological | S2dimentary basinsThe hydrocarbon source rock ranges fronew fnetres to hundreds of
setting metresin thicknessaandthe thickness of reservoir rocks is also variable.

Reservoirs in the UK range from between 50 m bgl in the Formby Oilfield,([@H38&) and

Background

Efﬁg:tgrion 1550m at Wytch Farm, Dorset, but are typically between 800 and 1200 m in depth. Elsewh
P exploitation depths can range from 0 to 9 km (Hu et al., 2013).
Boreholes Vertical boreholes are typicabut directional boreholes can be used where required, for

example, at Wytch Farm, Dorset to gain access to resources away from the borehole locat

When reservoir pressure decreases, oil and gas can be pumped to the sB&@GB2(11).
Secondary, or Enhanced Oil Recovery (EOR) uses reinjected water to displace and drive ¢
Stimulation | remaining oil oto maintain reservoir pressurd3G$2011) Hydraulic fracturing is not
commonly required (AMEC, 2013) but has been conducted from vertical wells since the 19
Thermal recovery or chemical injection can also be used for reservoir stimulation, although
has not been used in the URGS2011).

Lifetime In the range of 1€B0 years, with an average of 20 years (AMEC, 2013).
Often, multiple boreholes wibe drilled into the reservoir butorehole density is lower than fol
unconventional hydrocarbon&J& EPA2016). For the UK, AMEZD13) estimated a future
density of three to six well pads per site, with two wells per pad and up to three Ha land pe
AMEC (2013) used a minimwgaparationdistance between well pads five km.The sub
surface footprint depends on the size of theservoir, for example, Wytch Farm has 13 well s
and > 100 boreholeBBaeholeshere may be< 100 m apart.

Footprint

Shale gasnd oil Figure5.3)
Widespread in the U.S. since the rR2@00s due to technological advances. Initially, explosive
acid etching were used to increase flow from vertical wells (Gallego¥areda, 2015). Frackin
with water began in 1953, and with slick water soon after. Tight oil production began in th
in the 1980s (EIA, 2016). By 1999 nearly one million fracking operations had been apy
vertical wells (Gallegos and Varela, 2p1Birectional drilling was developed in the 198
maturing in the 1990s and becoming c@dtective in conjunction with hydraulic fracturing
2001 US EPA016). In 2000, 6% of hydraulically fractured boreholes were horizontal wherg
2010 this wast2% (Gallegos and Varela, 2015). Between 25,000 and 30,000 new boreho
estimated to have been drilled and hydraulically fractured in the U.S. annually between 20]
2014 (for tight gas and oil, CBM and shale combind®) EPA2016). In 2015, merthan 50 % o

Background
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oil and nearly 70% of gas in the U.S. was produced with the benefit of hydraulic fractu@
EPA2016).

There is currently no shale gas production in the UK or Europe. Several countries in Euro
announced moratoria or bans on shajas, including Scotland, Northern Ireland and Wales. T
is active exploration in Englanidr the BowlandHodder shale formations in the Fylde

Lancashire and the Vale of Pickering, Yorkshire. A test hydraulic fracture at the Preese H
Lancashe in 2011 was halted due to unexpected induced seismicity (see Clarke et al., 201

Geological
setting

In the UK, shales and tight formations with the potential for shale/tight gasfies found in
sedimentary basins. In North America, tight oil and gas can be found in halo plays, aroy
edges of historical production sites, or in larger geostratigraphic plays (CSUR, 2016). Sk
tight oil and gas formations can be characterisedlastic depositional systems with sandstot
siltstone, mudstone and shale or carbonate systems with limestone, dolomite, shalg
halite/anhydrite. The Bowlanéiodder shale formations are locally interbedded with sandsto
and/or thin limestones (Harvest al., 2016). In the UK, the basin and formation structure is li
to be complex (Ward et al., 2015; Harvey et al., 2016) due to the age and deformation his
the rock units. The thickness of shaleish gas resources is variable; for example, kharcellus
shale is less than 111 in thicknessyS EPA2016), and other formatiorsimilarto UK shales arq
only tens of metres in thickness (Harvey et al., 2016). The thickness of tight formations is v
for oil but for gas plays they are commoribcated in deep basins and are very thick w
continuous gas saturation (Aguilera & Harding, 2008). In England, potential shale gas un
as the Carboniferous Bowlasdiodder formations are nearly 4 km in thickness in basins and
m on platforms. e thicknesses of shales in the Weald Basin are much smaller, from 19 to
in total (Harvey et al., 2016).

Depth of
exploitation

Variable: In the U.S., the average depths of largepgagducing reservoirs in shales are betwe
2 km (Marcellus shal@nd 3.7 km (Haynesvillgossier shale). The minimum and maximum dey
of exploitation range from 200 m in New Albany to 4.12 km in Hayne8adksier. 16 % d
boreholes in the U.S. are < k@ deep US EPA2016). Tight oil formations are typically epiptd

from 1-3 km depth and gas from deep (> 4.5 km) basins. Biogenic gas can be <1 km b
2003). Hybrid plays can be shallow, such as the Antrim biogenic gas play (430 m bgl)

Niobraran shale oil resource (305 m bgl) (Monaghan, 2014).

In the UK, Andrews (2013) used a depth-offtof 1.5 km for shale gas estimations in the Bowld
Hodder formations and Andrews (2014) used a depthoffibf 1 km for the Weald. Monagha
(2017) used a shale gas depth-afit of 805 m bgl in central Scotlamgrelating to pressure ang
flow rates and well sample maturity. Shale oil has been found between 67 and 550 m bgl (A
et al., 2014). However, the UK 2015 Infrastructure Act states that high volume hydraulic fraq
(more than 1000 rifluid at each &age or more than 10 000 Hof fluid in total) cannot take plac
< 1 km bgl tittp://www.legislation.gov.uk/ukpga/2015/7/contents/ enactgdor < 1.2 km bgl ir
protected areas such as National Pa
(http://www.legislation.gov.uk/uksi/2016/384/note/madg Inthe DECC (2@%) report, shale oi
resources were assessed from surface to a depth of 2000 m and to 3,500 m for shale gas.

Boreholes

Extracted via a borehole, which may be deviated or have horizontal sections within the
(Gallegos and Varela, 2015). By drilling multilateral horizontal boreholes into the shale, a ¢
rock volume can be access@@ECC, 2@®t) and boreholes are now being drilled with long
horizontal sections and closer spacitfs(EPA2016).
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Stimulation

High volume hydraulic fracturing (fracking) is used to increase the permeability of the

allowing gas to flow from the shate the borehole in commercial quantities. A high volume
frack fluid (water with chemical additives) is injected into the borehole under a very high pre
in order to create hydraulic fractures in the rock surrounding the borehole. Fractures inthea
shale porosity from 40%, to 35% (Brownlow et al., 2016). Fractures are kept open usg
proppant (sand or ceramics) while the borehole is subsequently depressurised so that t
flows out of the shale, into the borehole and to the surface (TogaRSociety, 2012). Hydrau
fracturing is not always required for oil production from tight formatiodS(EPA2016).

The volumes of water and pressures required for high volume hydraulic fracturing depend
geological conditions and compositiohthe hydraulic fracturing fluid, but are relatively large.
the U.S., the average water volume injected per horizontal borehole in 2014 was nearly &6,
(typically between 10,000 to 25,000°nAEA (2012)) per well for gas and up to 16,06@amoil
(Gallegos et al., 2015). The volumes required for vertical boreholes are much lower, with m
of < 2,000 rhiand < 1,000 rhfor gas and oil respectively (Gallegos et al., 2015), and geng
reflect the length of the borehole (Gallegos et aD15). Between 480 % of injected fluids flov
back to the surface as flowback (Prpich et al., 2015). In the Marcellus and Haynesville
injection pressures range from 13.8 MPa to 82 MP& EPA2016).

Lifetime

Hydraulic fracturing activities calast from one day to several weekd§ EPA2016). If the
horizontal wells are too long to maintain pressure along their length, plugs can be used to fr
the well in stagesThe Royal Society, 2012). Racturing or recompletions are sometime
required in wells, but this is thought to be for < 2 % boreholdS EPA2016). The overall lifetim
of shale gas wells is not well known because the industry is still immatgdePA2016). AME(
(2013) estimated an average lifetime of 20 years and Prpicth. €2015) estimated a lifetime ¢
up to 30 years. However, there are some estimates that the production phase in tigh
reservoirs may be from 40 to 60 years, or from 5 to 70 years in SU8l&PA2016).

Footprint

In some cases, more than 20 boreholes can originate from a single well pad (Jackson et a
2013a). Multiborehole pads have an average area of 1.4 ha during hydraulic fracturing
operations and 0.24 ha during production (NYSDEC, 2011). AMEC (2013) edtivattiee
minimum distance between well pad sites in the UK would be 5 km. For the 13 years follov
the start of shale gas development in the UK, they estimate that between 30 and 120 well
could be developed fdow andhighactivity scenarios, rggctively. Each well pad could have
to 24 wells andetwo to three ha per production pad, resulting in 80 to 2880 wells in total
(AMEC, 2013).

Coal bedmethane Figure5.5)

Background

CBM is well established in the US, Australia, China, India and Canada. Gas has been prody
high rank coals since the 1970s and low rank coals sincd 98ids (Moore2012). Commercid
production began in the USA in the early 1980s. In 2001, there were 3655 CBM borehole
Powder River Basin alone. Production has been ongoing in Australia since 1996 and Ing
2009 (Moore, 2012). In the UK, CBM explorationlsvelve been drilled in the Vale of Clwy
South Wales and South Lancashire. In Airth, Midland Valley, Scotland, significant, K
economic, gas and water production has been established (Jones et al., 2004). CMM h{
exploited in the UK since the®%0s, and all working mines (as of 2004) drained methane (J
2004). AMM was produced at the Old Boston colliery, Lancashire, between 1957 and 196
average rate of 52 I/s and up to 300 I/s (Jones et al., 2004). The Avon Colliery pumped gas
Wales in 1971 (Ren, 2004). There are also AMM sites in North Staffordshire, the East M
and Yorkshire (Joned al, 2004). Methane is also being extracted for electricity generation fi
the mine complex at Stillingfleet, Selby, Yorkshire (Youyrgo).

Geological
setting

Organic material forming coal seams was often deposited in sedimentary baSNERA2016)
cyclically with other sedimentary rocks. Therefore, coal seams are generally interbedde
other rock types including mudstonesandstones, siltstorsg conglomerate and limestone (e.
the Coal Measures and Warwickshire groups in England). In England, coal is predominant
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in basins of Carboniferous age and has often subsequently been uplifted and inverted. Str
features such as faulting and folding in the coal bearing units are thus common. Coal un
sometimes overlain by Permbriassic principal aquifers in sedimentary basins in England (
et al., 2004).

Virgin coal seams in England are only several metrésidkness in comparison to those in tf
USA and Australia, which may be up to 43 m in thickigSsHPA2016).

Depth of
exploitation

CBM basins in the US range from 0 to > 2000 m depth (e.g. in the Black Warrior and Powd
Basins, respectivelyJE& EPA2016). Jones et al. (2004) and Gow et al. (2016) considereg
Measures in the UK to have potential for CBM between 200 to 1200 m bgl. It is thought tha
is a possible increase in methane content with depth (EA, 2014). Shallow workingpgenitast
sections are not considered to have potential for CBM due to the possibility of major air in
CMM and AMM resources are in areas with existing and abandoned mines with methane.

Boreholes

CBM boreholes may have many subsurface horizontal or multilateral side tracks drilled frg
surface location in order to penetrate more coal (DECC, 2013b). Horizontal sections of w
often 1-3 km in length (The Scottish Government, 2014). Therg aiso be multiple pads pe
production operation (EA, 2014).

Stimulation

Where permeability of coal is low, hydraulic fracturing can be used to improve conne
between the borehole and the cleat system. Pressures required for hydraulic fractuargpa
70% lower than for shale gas, often of the order of34MPa, although this is depth dependeg
(EA, 2014). The volume of fluid injected for fracturing is also smaller than for shale gas, b
200 n? ¢ 1500 nt water per borehole (EA, 2014) due thoster well lengths S EPA2016).
Injected fluids include watewater and sand or nitrogen foam with proppants and other additi
(EA, 2014). In the UK, estimated produced water volumes-dferit/day per well and the wate
can often be highly salingeA, 2014). Hydraulic fracturing is not a requirement for CMM or A

Lifetime

The lifetime of a CBM operation depends on a range of factors such as adjacent wells &
amount of gas available, but is poorly understood at present. Most producers Poilvder Rivel
Basin, USA, can produce for 10 to 12 years though it is thought that stimulation could in
lifetimes by 10 to 30 years (De Bruin et al., 2016). For CMM there is typically 6 to 12 mo
gas production before mining can take place @€an et al., 2011). Production in an AMM proj
in Pittsburgh declined after 2.7 years (Karacan et al., 2011).

Footprint

Multiple lateral wells can allow drainage of 7.2%imom a single well pad, whilst only 0.3 km
may be drained from a single vertical well-g&bori et al., 2009). The subsurface footprint of
CMM and AMM depends on the size of the fapdsting mines.

Underground CoaGasification(Figure5.7)

Background

There have been more than 50 UCG trials and larger schemeshevast half century (Jones ¢
al., 2004). Early trials were smatlale and at relatively shallow depths. In 1959, the New!
Spinney trials were conducted south of Sheffield, UK, within the Fox Earth Coal at a depth
for one to two months at a timd=rom 19781986, trials were conducted on a thin seam at a de
of 1000m at Thulin in Belgium. The El Temedal European trial in Spain-12983, confirmed
technical feasibility at depths between 500 and 700 m bgl.

Further afield, UCG has been takingga in Kuzbass, Siberia, at the YuzAbmskaya gasificatio
plant since 1955 in a coal seam 1.3 to 3.9 m thick, and at the Angren mine in Uzbekistar
lignite seams 20 m in thickness and at depths of 130 to 350 m. A test site at Hanna, Wya
involved extensive site characterisation and monitoring for hydrogeological and environn
variables but projects in Wyoming were not found to be commercially viable (Jones et al.,

Largescale aitblown schemes have been undertaken more recentiRrussia and Uzbekistan a
also at Chinchilla, Australia in 1999, where syngas was produced’& 804 at a depth of 14,

though this scheme was mothballed by 2003. Since 1990, there have been 16 known {
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China. Feasibility studies have also hemdertaken in Canada, India, Pakistan, Russia, Slo
and the Ukraine.

Geological
setting

Organic material forming coal seams was often deposited in sedimentary baSnERA2016)
cyclically with other sedimentary rocks. Therefore coal seamsganerally interbedded with
other rock types including mudstones, sandstones, siltsspnenglomerate and limestone (e.
the Coal Measures and Warwickshire groups in England). In England, coal is predominant
in basins of Carboniferous age and béten subsequently been uplifted and inverted. Structu
features such as faulting and folding in the coal bearing units are thus common. Coal ur
sometimes overlain by Permbriassic principal aquifers in sedimentary basins in England (
et al, 2004).

It is generally thought that coal units need to be > 2 m in thickness for UCG (Jones et al
Burton et al., 2006; Gow et al., 2016) but coal seams are typically thinner than this in Euroy
seams of 0.5 m in thickness may be feasibtafifvich and Varma, 2009).

Geological structural complexity is not a significant concern for UCG, strata dips of Saiee |
preferable (Jones et al., 2004) and horizontal coal seams would need to be compartmen
(Onessand Gregg, 1977).

Depth of
exploitation

UCG operations are considered shallow between the surface and 350 m bgl and deep fron
1300 m bgl (Burton et al., 2006; Shafirovitch and Varma, 2009). They are generally locate
the water table in order to control burns (e.g. &l€reek, Burton et al., 2006). In England, Jqg
et al. (2004) suggest that UCG is more likely to occur at depths of between 600 m and 120
based on the depths required to reduce environmental impacts and the normal limits for m
For similar rasons, UCG typically takes place deeper in the subsurface in Europe (Burtor
2006).

Boreholes

At least two boreholes are required for injection and extraction, with between 10 and ¢
separation. Thicker coal seams require fewer boreholes (Burton et al., 2006). Directional
enables improved control of the gasification process and althdiighnot necessary (Shafirovitg
and Varma, 2009), it is common in deeper seams (Burton et al., 2006).

Stimulation

Permeability can be increased artificially with stimulation techniques such as reverse comkl
and hydraulic fracturing (Bhutto et aRQ03; Burton et al., 2006; Shafirovitch and Varma, 20
UCG also requires a strong, dry, impermeable roof rock (Jones et al., 2004).

In deeper UCG operations steam is injected at pressures of up to 80 MPa. In shallow
pressures of only 324 kPalm@ 06 S NBIljdZANBSR® ¢ KS 2 LI A Ydzy
around 5000 rhr, but experiments have ranged from 1500 to 7008hmwith higher intensities|
improving production (Burton et al., 2006). Temperatures exceeding@0@ve been found t
minimise pollutant byproducts (Burton et al., 2006) with temperatures of up to 3DWsed in
Chinchilla, Australia (Jones et al., 2004).

Lifetime

The lifespan of a UCG operation is variable; for example, a site in Uzbekistan has been op¢
for 50 years but others in the former USSR were operational for between 5 and 17 years
et al., 2006).

Footprint

Subsurface footprint is variabldependent on the coal resource and cavity size. However, lit
control can be exerted over the cavity size (Burton et al., 2006).
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Appendix6i Case studies

CASE STUDY 1: CONVENTIONAL OIL AND GAS, SOUTHEAST ENGLAND

Hydrocarbon source anéxtraction method
Portland Group, East SussdiglireA6.1), conventional oil and gas reservaipproximate location
aK26y 08 ( KurdAGLandSdguieABL.Q A Y

AOI

Extending to Zm from vertical borehole
Geological setting

The AOQI lies on the boundary between the Weald Basin and the Wessex Basin, on the north sig
South Downs. In the Wessex Basin a thin (~50 m in thickness) layer of the -Bigaski®lercia
Mudstone Grop overlies a basement of Dinantian (Carboniferous) and Devegead rocks, whicl
decrease in depth southwards from ~1600 m below OD beneath the Weald Basin to ~1000 m be
beneath the South Downs and the English Channel. Sedimentary rocks of Jor&ssitaceous ag
(Lias Group to Wealden Group) overlie the Mercia Mudstone Group. The Wealden Group roc
out in the Weald BasinThe thickness ahe Cretaceous is about 1600 m. This sequence becq
thinner (600 m in thickness beneath the Englistathel) and shallower (base of sequence 100
below OD beneath the English Channel) to the south. Here, the Wealden Group and Purbeck G
truncated by an unconformity and covered by younger Cretaceous rocks (Lower Greensand t
Group). While te Lias Group to Kimmeridge Clay Formation are relatively horizontal over the bas
platform, the Lower Greensand Formation, Wealden Group and Chalk Group dip to the Sguile
A6.2). There are a number of large scale faults in the area particularly those associated with larg
eastwest monoclines in the Wessex Basin.

Conceptual model
The conceptual geological model for the AOI across (hoottheast ¢ south-southwest) and along
(westnorthwest ¢ eastsoutheast) strike, is shown iRigure A6.3. Vulnerability and isk hare been
assessed for both the overlying and the underlying units in this AOI because the activity wou
1200 m bgl. The AOI lies along ttiEVsection UK_Reg8_ Sec2ZigureA6.1). A number of borehole
(1 km to the southwest, 4 km to the west and 2 km to the north) terminate in the Lower Green
thus providing some evidence regarding the depth and thickieéthe Chalk and Gault. These boreh
records indicate that there is little variability in the thickness of these units across the AOI, alt
the topography impacts the Chalk thickness (it is thicker under higher topography). No borehole
areapenetrate the base of the Lower Greensand, thus the conceptual model from the top ¢
formation downwards is based on tHg=Vcross section. Consequently, there is some uncerta
regarding the geometry of units beneath the base of the Gault. Negtds, similar to the top twc
units, there appears to be little variation along or across strike in the AOI. A general geological se
and unit descriptions are shown TrableA6.1.

A number of largescale faults (marked on the 1:6280geological map) strike westorthwest¢ east

southeast about 6 km to the northeast of the centre of the AOI. These faults cut the Wealden

outcrop, between the Weald and Wessex Basins. The AOI also lies approximatelgtakengf an
eastwest trending fault which appears to have offshetWealden Group. On the 1:10 000 geolog
map there is a 2 km long norfmortheastsouth-southwest striking fault which is mapped as hay
offset the Chalk Group laterally by about 80 m (vertical throw <= 10 m to gusis, this could be 4
normal faut or a strikeslip fault) in the southeast of the AOI. This is drawn as having ~50 m v¢
throw in the conceptual model iRigureA6.3 because theross section is beyond the mapped surfg
extent of the fault and the vertical throw cannot be determined from the map. A number of o
north-northwestgsouth-southeast striking faults mapped as about 600 m in length, but with a si
horizontal disfacement of the Chalk Group, could cross the alsinige conceptual section in the ea
but there is no map evidence for these crossing into the AOI.

Baseline methane
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Bell et al. (206) sampled for methane concentrations in aquifers in the southeaspat of the
methane baseline survey of Great Britain. Six sites were sampled within the area sHeiguraf6.1;

two from the Chalk and four fromhe Wealden Group (Hasting Subgroup; Tunbridge Wells

Formation and the Ashdown Formation). One location is about 8 km west of the AOI, along s
was found that methane concentrations were above the detection limit in the region and lower

Chalk than in the Wealden Group. Two samples from the same borehole in the Wealden Gro
sample was repeated) in the northeast of the region showRigureA6.1 were over the groundwate
equivalent LEL for methane (Sectiéri). The authors describe a known zone of shallow methan
this region and hydrocarbon well logs report significant gas in the shallow Cretaceous sandst
this area. While additional analysis implied a thermogenic source it was not possible to udariy
isotopic investigations. The authors conclude that given the shallow nature of the gas, the mg
could be thermogenic, having migrated up from depth, or biogenic, having formed from thin |
layers in the Weald Clay. They state that the spatistribution, source and hydrogeological contr
on this methane occurrence are poorly understood.

Potential receptors| Classification

Aquifer designationsvere obtained from theLFV based on EA aquifer designatiofsgire A6.4).
Where model units were classified as variable aquifers (WealdenaRdytCorallian and Lias group
EA aquifer designation maps wersed to identify the designation in this particular region and wit
comparable lithology. In this instance the outcrops of these units were predominantly along the
to the west of the AOI, from the Isle of Wight to Charmouth. These units have the lghologies,
despite being up to 160 km from the AOI (for the Lias). For the Wealden Group, the outcrop i
closer, in the Weald Basibut there are multiple aquifer designations for this group depending on
formation. This is also the case fdnet Lias in the Charmouth area. Where there are mult
designations, the most sensitive designation has been applied to the whole unit.

Chalk

A ¢ principal aquifer < 400 m bgl, a record from a borehole 1 km to the sou
the AOI drilled into the Chatk a depth of 13 m indicatesgroundwaterTDS of
583 mg/l. Another borehole drilled to 39 m bgl had a measured TDS of 412
D ¢ unproductivestrata

Gault

Lower Greensand

A principal aquifer < 400 m bgl, borehole record in the south of the AOI
indicates a TDS of 447 mg/l in this unit.

Wealden Group

B¢ secondary aquifer <400 m bgl

Purbeck Group

B¢ secondary aquifer < 400 m bgl

Portland Group

A ¢ principal aquifer < 400 m bgl

Kimmeridge Clay

D - unproductivestrata

Corallian Group

C¢ secondary aquifer > 400 m bgl

Kellaways and
Oxford Clay

D ¢ unproductivestrata

Great Oolite Group

B ¢ principal aquifer > 400 m bgl|

Inferior Oolite

B ¢ principal aquifer > 400 m bgl

Group

Lias C- secondary aquifer > 400 m bgl

Hazard Score

Release No permeability enhancement (passive) for conventional oil and gas.
mechanism of

hydrocarbon

Head gradient Incomplete picture of groundwater head distributions in the AOI, or regior
driving flow depth. The Hydrogeological Map of the South Dowmd adjacent parts of the

Weald (GS,1978) shows that shallow groundwater heads in the Chalk G
largely follow topography, suggesting groundwater flow in this unit is bro
towards the centre of the upper cross section and to the west in the lowessg
section Figure A6.3). Groundwater head contours for the Lower Greens
appear to be less variable locally, and suggest groundwater flow fromattie-n
east to southwest.
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Borehole records 4 km west and 6 km northeast of the AOI indicate that {
can be upwards head gradients leading to artesian conditions in the L
Greensand. It is not known from what depth this upward gradient applies s
upwards gradient from the source (hydrocarbon source unit) to overl
potential receptors cannot be ruled out. There is also a lack of evidence regs
the direction of head gradients from the hydrocarbon source unit reservo
the underlying units,@a downwards gradient from the hydrocarbon source U
to these units is also not excluded.

Intrinsic wilnerability

Vertical separation
distance between

source and base of
receptor

Depth of the Chalk and the Gault potential receptor units are relatively
known due to their limited lateral variability and availability of records froi
number of boreholesThere are no borehole records below the Gawlhd
greater uncertainty assmated with the depth of these potential receptor
Nevertheless, the limited area (diameter 4 km) and the little variability acros
LFVsections indicate there is probably little variability across the AOI.
vulnerability assessment has been perfad for the centre of the AOI.

The confidence is low due to the unknown depth to potential receptors ben
the Lower Greensand artd the hydrocarbon source unit itself.

Lateral separation
distance between
source and
receptor

Afault 1 km to the eastacrossstrike FigureA6.3), could bring the Wealde
Group into contact with the Portland Group hydrocarbon source unit. Ssnalé
variability coud also bring the vertically adjacent units (Purbeck Group
Kimmeridge Clay) into contact with the hydrocarbon source unit and can al
considered laterally connected. The thickness of the Kimmeridge Clay is toc
to allow for lateral connectiwt of the Corallian Group and the hydrocarb
source unit across the fault.

The confidence is medium because there is little variability in depth
thickness of units across the AOI. However, the throw on the fault is not kn

Mudstones and
clays in
intervening units
between source
and receptor

The composition of the Chalk, Gault and Lower Greensand were assesse
borehole recordsUnits underlying this do not have borehole records in
regionso their lithology waddentified from the geological sheet memoitake
et al., 1987).

Units directly above or below the hydrocarbon source unit are not separate
any intervening units. Above the hydrocarbon source unit, the Purbeck G
(limestone and mudstone) and Wealden Groups (mudstosendstone and
siltstone) are estimated to be 50% mudstone, the Lower Green
predominantly sandstonéestimated 0 % mudstongom borehole records) an
the Gault 100% mudstone (although there are occasional sandstone beds
cumulative mudstone thkness increases up the sequence with distance f
0KS K@RNROIFINDb2Y a2 dz2NOS dzy A i X thé Bowek
Greensand and the Chalk expected to have about 98 and 178 m of mud
respectively between their bases and the top of the/drocarbon source uni
formation.

There are a number of thick mudstone units in the geological sequ
underlying the hydrocarbon source unit, including the Kimmeridge Clay dir
beneath the hydrocarbon source unit (203 m mudstone), and the Kelkseag
Oxford Clayormations (221 m mudstone).

The confidencéevelfor this factor is medium because there are no borehole |
nearby which indicate the unit lithologies below the Lower Greensand
confidenceof the correct assignment of these is onfpderate
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Groundwater flow
mechanism in
intervening units
between source
and receptor,
including the
receptor

The Portland and Purbeck Groups are carbonatass there is potential fol
these units to have solutionalgnhanced fracture networks which are w
connected. Permeability in the Wealden Group is likely to be low and domir
by intergranular flow. The Wealden Group will dominate the cumulative
type above the hydrocarbon source unit at this point (> 308rgranular flow)
because of the large expected thickness (140 m). The Lower Greensand 4
high intergranulapermeability The Gault is not a potential receptor class A {
and therefore is not included in the cumulative flow type. The Chalkhasma
potential for solutionally enhanced fracture networks and is therefore likel
have well connected fractures but this will not alter the cumulative flow typ
the interval above the hydrocarbon source unit due to its limited thickneg
compari®n to the units dominated by intergranular flow.

Beneath the hydrocarbon source unit, the Kimmeridge Clay and the Kella
and Oxford Clay Formations are not included in the groundwater
assessment because they are not potential receptors A to CCofadlian, Grea
and Inferior Oolite groupare likely to havevell connectedracture networks
The Lias is expected to be fractured but not generally well connected. Be
the hydrocarbon source unit the cumulative flow type is > 50 % well conne
fractures.

The confidencdevel for this factor is medium because thererns borehole
information for most of the units.

Faults cutting
intervening units
and receptor

The AOI lies approximately alesgike of an eagjwest trending fault which
appeardo have offset the Wealden Group. On the 1La@geological map there
is a 2 km long nortmortheast;south-southwest striking fault which is mappe
as having offset the Chalk by about 80 m alstrike (thus this could be a norm
fault or a strike sligfault) in the southeast of the AOI. This is shown as having
m vertical throw in the conceptual modelkigureA6.3because the cross sectig
is beyond the mapped extent of the fault and the vertical throw cannot
determined from the map. This fault is about 1 km from the hypothet
hydrocarbon activity. A number of other, nortiorthwest ¢ south-southeast
striking, 600 m long, faults with a siani horizontal displacement of the Chg
could cross in the far east of the alestgike cross section but there is no mapp
evidence for them crossing into the AOI ahey are therefore considered >
km from the lateral extent of the activity. There ® evidence to sugges
whether the fault 1 km from the activity is transmissive.

The confidencéevelfor this factor is medium because the maps point to so
evidence for faults; however they are not mapped directly within the, AGd
there is no infomation regarding their hydraulic properties.

Solution features
in intervening
units and receptor

Many of the geological units have potential for developing solution or K
features (Farrant, 2(®) in the AOI due to thejpredominantly carbonatébased
compositions. These include the hydrocarbon source gtiite Portland Group
¢ and the Purbeck, Chalk and the Corallian groups. There are records o
features in the Chalk Group from a nearby borehole at 56 m bgl where chip
were lost into a fraatre system.

Because there is no evidence to support this factor for most of the ,uhiés
confidence is medium.

Anthropogenic
featuresmines
close to site of
interest

No recorded mines in ACIThe confidence for this factor is high.
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Anthropogenic
featuresboreholes
close to site of
interest

Because the hydrocarbon source unit is only 335 m below OD in the AOI
shallow (< 100 m bgl) boreholes within the area of interest are within 60
vertically of the hydrocarbon source unit, although no ddmsles in the AO
extend to within 200 m of the hydrocarbon source unit. Three boreholes
within 0.5 km laterally of the hydrocarbon activity (the drill location). T

confidencelevelin this factor is high.

Potential receptor | Intrinsic Specific  vulnerability Risk group Confidence
vulnerabilityscore | score

Chalk 41.5 83 Medium/low Low

Gault 41.5 83 Low

Lower Greensand | 43 86 Medium/low

Wealden Group 54 108 Low

Purbeck Group 69.5 139 Low

Portland Group 69.5 139 Medium/low

Kimmeridge Clay | 61.5 123 Low

Corallian Group 37.5 75 Low

Kellaways and 36 72 Low

Oxford Clay

Great Oolite Group| 29.5 59 Low

Inferior Oolite 29.5 59 Low

Group

Lias 28 56 Low
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UK!Reg14. Section 240

b
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Legend
626k_V5_BEDROCK_Geology_Polygons
@ Boreholes G Depth_C: _HydrocH LEX_RCS_|
. . Gi Depth_C: iality1 1

| LAMBETH GROUP - CLAY, SILT, SAND AND GRAVEL
GREY CHALK SUBGROUP - CHALK
WHITE CHALK SUBGROUP - CHALK
[ GAULT FORMATION AND UPPER GREENSAND FORMATION (UNDIFFERENTIATED) - MUDSTONE, SANDSTONE AND LIMESTONE
LOWER GREENSAND GROUP - SANDSTONE AND MUDSTONE
[ WEALDEN GROUP - MUDSTONE, SILTSTONE AND SANDSTONE
WEALDEN GROUP - SANDSTONE AND SILTSTONE, INTERBEDDED

= UK3Dv2015_Cross_Section_Locations
626k_V5_FAULT Geology_Lines
FEATURE_D

— - Fault at rockhead

Figure A6.1 Hypothetical location of conventional hydrocarbon extraction in East Sussex
with geology andLFV sections in the region. T indicates the approximate location for the
hydrocarbon source unit.

128



OR/18/12

NNE SSW

(MM 36,581 4 ; - = .
0 T : = &
W - CK
| e
e e
=3 R — T
< KLOX
5
a | LI
MMG
DEV
-1.2
DINA
17.5 km
Figure A6.2 Cross section UK_Regl14 Sec220 from LithoFramei&wver with the
approxi mate | ocation of the hypothetical hyd

Cross section location is shown ifrigure A6.1 and is across strike of the basin structure.
The near horizontal black line indicates 1000 m bgl the shallowest level allowed for shale
gas activities in England and Wales. Rock codes are describedTiable A6.1.
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Model Unit Age Description

Chalk (CK) Cretaceous | White Chékis chalk with flintthe GreyChalk is
marly chalk.

Lower Greensand (LGS) Glauconitic silts and sands.

Purbeck Group (PB) Jurassic/ Purbeck Beds, mudstones and limestones with
Cretaceous | gypsum and anhydrite at base.
Portland Group (PL)* Jurassic Mudstones, siltstonessandstones and limestones
Corallian Group (CR) Jurassic Mudstones, siltstones and argillaceous limestone
Kellaways and Oxford Clay Jurassic Predominantly Oxfor€lay (mudstone), with
Formations (KLOX) underlying sandstone with silt and mudstone.
Great Oolite Group (GOG) Jurassic Limestones and oolites overlying argillaceous be
Inferior Oolite Group (INO) Jurassic Oolitic limestone.

Lias (Li) Jurassic Predominantly the Lowedrias mudstones and
limestones in this area, with the Middle and Uppe
Lias comprising mudstones and siltstone.

and mudstone .

Dinantian Rocks (DINA) Limestone and sandstone with subsidiary dolostg

Table A6.1 Rock units present in the hypothetical Southeast AOI. Descriptions are from
the regional guide, colours correspond with those used in thd-V section fFigure A6.2)
and the AOI conceptual model Figure A6.3). * indicates the hydrocarbon source unit. **
indicates description from BGS Lexicon, otherwise descriptions are from the BG§heet
memoir (Lake et al., 1987).
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Borehole - Chalk Group I:I Purbeck Group - Kellaways and Oxford Clay Formations
' - Gault Formation I:I Portland Group |:| Great Oolite Group
\
\ Inferred fault [ | swer Greensand Formation [ kimmeridge Clay Formation [_] Inferior Oolite Group

! - Wealden Group |:| Corallian Group - Lias Group

Figure A6.3 Conceptual malel of the AOI for the hypothetical conventional oil and gas site

in the Southeast. The hydrocarbon source unit is the Portland Group.
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Figure A6.4 Potential receptor classifications for units within the conceptual model of the
AOL.
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Figure A6.5 Conceptual model for the AOI in the southeast of England for potential oil and
gas extraction from the Portland Group. Top to bottom; potential receptor classifications,
intrinsic vulnerability scores, specific vulnerability scores and risk group for each potetmal
receptor. SeeTable A6.1 for unit code translations. The confidence for this assessment is

low. Boundaries used for intrinsic and specific vulneraility and risk groups are used for
preliminary purposes
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Summary of case study 1: Gnventional oil and gas in the southeast

)l

Important potential receptors are found at a range of depths, interspersed with units with lower
potential receptaclassificatiors. The hydrocarbon source unit (Portland Group) remains a potential

receptor class OA6 as there is no informatio
source unit the water quality within this unit is unlikely to be potabig w&ould therefore be
downgraded to a 6B6 or, more |ikely, 06Cb6. Lar

of the potential receptors (up to 160 km away for the Lias) suggests that groundwater quality is
likely to be relatively poor thus if gre were groundwater quality data it is expected that their
classification would be dowgraded, and consequendigothe riskgroup More local information
regarding the rock properties and watarliy of potential receptors needs to be obtained to be
confident about their classifications.

Intrinsic vulnerability scores for the potential receptors are quite varied, ranging from 28 to 69.5
about average for all of the case studies. The intrinsic vulnerability of units underlying the
hydrocarbon sourcenit are lower (between 37.5 and 28), primarily due to the absence of
anthropogenic disturbaacby boreholes at these deptis.fault could provide a potential
contaminatiorpathway for all of the units within the AOI.

The specific vulnerability scoresrfthe potential receptors are low (56 to 139) as a result of the
expected low hazard nature of conventional hydrocarbon extraction activities compared to other
technologies. This is despite an assumed head gradient from the source to the potentiad receptor
both above and beneath the hydrocarbon source unit. In the AOI, the risk group, which considers
both the potential receptor classification and the specific vulnerability score, is medium/low for the
potenti al receptor s c lwerGseensancadd tte Portlardl GrouptThie CF
is the |l owest risk group possible for a class
an element of risk when interacting with the subsurface. It is important to improve the
understanding of wat quality of these potential receptors, since the downgrading of the units
particularly in the case of tHeortland Groupto B or C would lower the risk group, which is more
realisticfor this unitbased on the assumption titas likely to already catain hydrocarbons. The

risk group for all other potential receptors is low, due to their low specific vulnerability scores.

The confidence level in the intrinsic vulnerability scores is low because of the uncertainty
associated with the depths and thiekses of units below the Gault. To increase the overall
confidence, it would be advisable to use additional information from new boreholes, or to improve
understanding of the variability of thicknesses and depths of units within the geological sequence
in the region. The confidence in the head gradient is also low.

The National Methane Baseline Survey (Bell et al., 2015) indicated that there are some naturally
occurring areas of high methane concentrations in the region, specifically in the Wealden Group.
It is currently unclear as to the source of this methane (biogenic or thermogenic), and it could be
the Wealden Group, but methane might also have travelled from greater depth. This should be
investigated further because, if the latter case, it mightatelithat there are migration pathways

in the region and in the AOQI.
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CASE STUDY 2: COAL BED METHANE, WEST MID LANDS

Hydrocarbon source and extraction method
PennineCoal Measure§&roupwith 2 km lateral wells assumed in any directidhe release mechanisi
has been specified as CBG®bal beds are towards the top of tmal Measures Group

AOI
Extending to 2 km from lateral borehole, total radius of 4 km
Geological setting

The AOI lies at the northern margin of the Cheshire Basirth West Midlands, the approximate
f20F0A2y A& &K 2RgdreAd@andFifuBAG7S G G SNI WeQ Ay

The Cheshire Basin is a deep basin underlying most of Cheshire, and towards the north
Manchester and south under Shropshire. The basin fill is primarily Permian and Triassic sandstq
mudstones, with some halite beds. The Peffrrassic infill@aches up to 4 km depth in some plac
Coal Measuresf variable thickness underlie the Permiaged rocks across much of the basin and
at outcrop around the margins of the basin. Along the northern margin of the basi@dakMeasure;
can be more tAn 1300 m in thickness. At the location of the AOI @wal Measuresre covered by
Triassic agedocks and have a regional dip to the southeast, towards the centre of the basin
1:625000geological map shows that rocks in the area are cut by numanorts-northwesicsouth

southeast trending faultsHigureA6.6).

The Cheshire Basin has a history of oil and gas exploration, with many formationgibgltm the
Sherwood Sandstone having potential as oil reservoirs (E20C3). The Mercia Mudstone (prese
across the centre of the basin) has been identified as having potential as an oil reservoir and
rock. The Halesowen Formatiof the Warwigshire Grougds a known reservoir. There is an oil se
from Westphaliaraged sandstones near Ironbridge in the Cheshire basin. The Millstone Grit is
potential reservoir in the Cheshire basin. The Namurian Holywell/Bowland Shales of the Craver
are soure rocks in the Cheshire Basin.

Conceptual model
The geological sequence was determined from cross sections in thé&\3projecand a number of
deep boreholes north of the centre of the ABIqureA6.6). There were no deep boreholes to the soy
of the AOI and there is consequently lower confidence in the depth and thickness of units in the
There is a high variability in the thidss and depth of geological units in the sequence w
introduces greater uncertainty as to their depth and thickness. The general geological sequer
lithological descriptions are shown kigureA6.8 and TableA6.2.

The Sherwood Sandstone outcrops across the AOI. The Mercia Mudstone crdps@®E&tkm of the
southetly part ofthe AOI. Throughout the AOI the hydrocarbon source unit and overlying units

the southsoutheast. In the north, the hydrocarbon source unit is at depths < 400 m below OD

the south > 1500 m below OD. The hycirbon source unit thickness is ~ 500 m throughout the

TheoverlyingWarwickshire Group is about 50 m in thickness, the Permian Appleby Group (Col
Sandstone) is 150 m thick in the north to 300 m thick in the south,Gbebrian CoasGroup
(Manchester Marls) is 100 m thick in the north to 150 m thick in the south, and the Sherwood San
is from 20 m thick in the north to 1000 m thick in the south.

From the west to east crosection it can be seen that the centre of the AOI lies in a gratden. Units
are shallower to the west than the east; the hydrocarbon source unit is at about 500 m below
the west and 1000 m below OD in the east. A number of borehole logs document faults at
including the fault to the west of the centre &ie AOI which has about 300 m throw recorded. 1
PermianAppleby Groups ~50 m thinner in the west than the east, and it thickens (to ~ 300 m) int
fault immediately east of the centre of the AOI. The Warwickshire Group decreases in thiclases
to east across the central grahen

A number of large faults (marked on the 1:6280 geological map) cross the AOI in a nestiuth
direction, and are shown to cut all of the units. Two of these are also identified in borehole logs.
west and east ofhe centre the faults possibly bring the Collyhurst Sandstone into horizontal co
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with the hydrocarbon source unit. Another fault runs approximately ®&s$t about 2 km north of the
AOlI, the throw is thought to be smaller on this fault.

The vulnerabity assessment is made for the hydrocarbon source unit towards the potential rece
units overlying the hydrocarbon source unit. Due to the variability an assessment has been ma
the north, centre and south of AOI.

Baseline methane

Bell et al. (2015) sampled two sites within the area showkidnreA6.6, from the Sherwood Sandston
One location is about 30 km south of the AQd délme other 25 km northeast, both of these were frg
the unconfined aquifer. It was found that methane concentrations were above the detection lir
the region, although well below the groundwater equivalent LEL (Se6tihnThe highest methan
concentration recorded in the region was to the northeast, although this site is close to ¢
Manchester andoeneatha cover of 6 m boulder clathat could cause reducing conditions in t
aquifer. However, the maximum recorded methane is well below other areas.

Potential receptors | Classification
The Warwickshire Group arfdumbrian CoasGroup (Manchester Marls) were classified as varig
aquifers but both are designated secondary aquifers in this region.

A borehole record immediately to the east of the negbuth trending fault which is east of the grab
O6O0SY(iUNBUO NBOZBRNF fod diSAJ MK iGK3Y adz2NFIF OS | yR

graben (but only 300 m from the estuary) also recorded slightly saline wakE@{ 25°C of > 730(
pUS/cm, thus TDS approximately 4000 mg/he first borehole i4.2 km awayrom the estuary Across
the fault to the west of the central graben, a borehole record states a TDS of 316 mg/l from a d¢
about 60 m bgl. This suggests that there could be separation of groundwater flow across the w
fault, and it may be acting as atier to crosgault flow.

While the evidence for differing flow systems across the nsaghth trending faults is limited, thi
conceptual model will be used to demonstrate the process and impacts of -goading potential
receptors based on groundwat® K SYA & i NBE® | SNB>X LRGSYGAlf N
0KS 6SaiGdSNYy FldAZ G KIS 6SSy R2y3INI RSR (2
would not be appropriate west of the fault, and the salinity of groundwater nortthef eastwest
trending fault is not known therefore potential receptors have not been downgraded here €
(FigureA6.9).

Mercia Mudstone B¢ secondary aquifer, <400 m bgl
Group
Sherwood Sandstone| A¢ principal aquifer, < 400 m bgl but B east of western fault due to reco
Group salinity

Cumbrian Coast Grou| B¢ secondary aquifer, < 400 m bgl

Appleby Group A ¢ principal aquifer, < 400 m bgut B east of western fault due to recorde
salinity

Warwickshire Group | C secondary aquifer, > 400 m bg|

Pennine MiddleCoal | C (secondary aquifer, > 400 m bgl)

MeasuresGroup

Millstone Grit Group | C (secondary aquifer, > 400 m bgl)
Craven Group C(secondary aquifer, > 400 m bgl)
Hazard Score

Release mechanism g Water table lowering and depressurisation (CBM)
hydrocarbon
Head gradient driving | A borehole record from the east of the eastern neguth fault states that
flow groundwater?2 GSNF f 26 SR | (i & dz{ide fom&tiontisy/nB
stated) Although the sourceof this wateris not known, there could b
upwards flow from the hydrocarbon source unit formation towards
overlying potential receptors.
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Downing et al. (1987/state that the Permdriassic sandstone of the Mers
Valley (vhich the AOI is located withink one of the main outlets fo
groundwater in the northwest of England. However there is limited di
evidence for flow from the Upper Palaeozoic rocks itite PermaTriassic
sandstones. There is alao evidence for &eat flow anomaly in the Cheshi
Basin, suggesting that there is not significant rising groundwater.

supports the hypothesis that the regional groundwater flow in the Cheg
Basin is gmarily around deeper parts of the basin in essentially horizo
directions tavardsoutlets in the Mersey Estuary (Downing et al., 1987).

However, the AOI is on the north side of the Mersey Estuand
groundwater is more likely to flow from the north.is also possible that th
fault between the borehole andhe site of interest leads to differen
groundwater flow patterns. It is not clear if groundwater flow is still in
upwards direction from the underlying potential receptors to the sour
Therefore, aworst case scenario witlyroundwater head direction from th
hydrocarbon source unit twardspotential receptorsis assumed.

Intrinsic wilnerability

Vertical separation
distance between
source and base of
receptor

There are better controls on the depth of the unitsthe north of the AOI
thanin the south due to the presence of a number of borehdlethe Coal
Measures However, there is a lot of variability in the depth and thicknes
units in the AOI due to aumber of faults, and the impact of thesenst

completely known.

There is a large difference in the depth and thickness of units from the 1
to the south, and so the vulnerability assessment was conducted in
centre, the north and the south of th&Ol.

In the north of the AQIlthe hydrocarbon source unit occurs at shallow
depths thanin the centre (500 m below OD versus 1000 m below.(
Therefore, an assessment has also been made for the underlying Millg
Grit in the north. In this case, waral separation is calculated between tf
base of the hydrocarbon source unit and the top of the Millstone Grit. H
it is 0 m because the Millstone Grit directly underlies the hydrocarbon so
unit.

The confidence levels attributed to the assessisdn the centre and north
of the AOI are medium, since there is some borehole controlalaata high
degree of variability. However, the confidence attributed to the assessr
in the south of the AOI is low because of a lack of borehole information
assumed high variability.

Lateral separation
distance between
source and receptor

The Cumbrian Coast Appleby, Warwickshire groups and Upp€oal
Measures Formation are brought to the same horizontal level as

hydrocarbon source unit within 0.2 knf the subsurface activities due to th
regional dip to the southHigureA6.8). The other units are not expected
be at the same horizontal levalithin the AOI. The confidendevelfor this
factor is medium and is dependent on the conceptual model.

Mudstones and clays
in intervening units
between source and
receptor

The composition of the units was assessed from borehole records an
regionalguide.

Units directly above or below the hydrocarbon source unit are not separ,
by any intervening units. Above the hydrocarbon source unit, the Ugpai
Measures and Warwickshire Group have been assessed as [
approximately 50% mudstone. The Appleby Group in this area comprise
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Collyhurst Sandstone a coarsegrained sandstone. Th€umbrian Coas
Group comprises the Manchester Mathe Sherwood Sandstonemprises
predominantly sandstones. There are no boreholes penetrating the Mills
Grit, and it is assumed from regional information that this unit is &
mudstone.

In the centre of the AOI, the Sherwood Sandstone has up to 350 m mud
in the intervenng unit between it and the hydrocarbon source unit, result
from the thick Manchester Marls and the variable composition of @l
Measures(including the Warwickshire Group). In the north of the AQOI,
intervening mudstone thickness is only 230 m.

The confidencéevelfor this factor is medium because there are a numbe
borehole logs nearby which indicate the unit lithologies but this factor is
dependent on the thickness of the units.

Groundwater flow
mechanism in
intervening units
betweensource and
receptor, including
the receptor

The Sherwood Sandstone and Appleby Group (Collyhurst Sandston
expected to be dominated by intergranular flow. The finer grained and ¢
units (theCumbrian CoasCoal Measureand the Millstone Grit grops) are
likely to be dominated by poorly connected fracture flow. The dominant {
type changes from > 50% fractured, poorly connected or mixed fracture
intergranular fow below the Sherwood Sandstone > 50% inteigranular
flow for the Sherwood Sarstbne.

Faults cutting
intervening units and
receptor

A number of large faults (marked on the 1:625 000 geological map) cro
AOI in a nortksouth direction, and are shown to cut all of the units. Twg
these are identified in borehole logs. Anotifault runs approximately east
west about 2 km north of the AOI; the throw is thought to be smaller on
fault. The closest mapped fault is about 0.5 km to the east of the centre
confidencdevelfor this factor is high.

Solution features in
intervening units and
receptor

The only unit which is specified as having potential solution features ir
AOlI is the Mercia Mudstone. This is known to contain halite and gypst
the Cheshire Basin. However, this is only present at the southern bound
the AOI and will not impact the units belotvborehole record at the norther
boundary of the AOI reports a cavity within the Bunter (Sherwa
Sandstone. The cause of this cavity is not reported and it is not clear fro
log whether halite or gypsum armresent, although these are a possibility
Triassic units. It wijlltherefore, be assumedthat there could be solutior
features in this unit but this will have a low confideneeel

Anthropogenic
featuressmines close
to site of interest

There aremines recorded in the northern part of the AOI. The confidenc
this factor is high.

Anthropogenic
features-boreholes
close to site of

There are many boreholes within 0.5 km of the A@ludingone within
200m vertical distance from théaydrocarbon source unitas determined
from the borehole layer in the GIS project. The confiddewgelin this factor

interest is high.
Potential receptor Intrinsic Specific  vulnerability Rskgroup Confidence
vulnerability score
score
North
Sherwood Sandstone| 57.5 230 Medium/low Low
Group
Cumbrian Coast Grou| 58 232 Low
Appleby Group 76.5 306 Medium/low
Warwickshire Group | 76.5 306 Medium/low
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MeasuresGroup

Pennine UppeCoal 85 340 Low
MeasuresGroup
Millstone Grit Group | 85 340 Low

South
Mercia Mudstone 44.5 178 Low Low
Group
Sherwood Sandstone| 51 204 Low
Group
Cumbrian Coast Grou| 51.5 206 Low
Appleby Group 68.5 274 Medium/low
Warwickshire Group | 70 280 Medium/low
Pennine UppecCoal 85 340 Low
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TRIASSIC ROCKS (UNDIFFERENTIATED) - MUDSTONE, SILTSTONE AND SANDSTONE
@ Boreholes_Greater400mDepth_Confidentiality1

TRIASSIC ROCKS (UNDIFFERENTIATED) - SANDSTONE AND CONGLOMERATE, INTEREEDDED
PERMIAN ROCKS (UNDIFFERENTIATED) - MUDSTONE, SILTSTONE AND SANDSTONE
- PERMIAN ROCKS (UNDIFFERENTIATED) - SANDSTONE AND CONGLOMERATE, INTERBEDDED

—— UK3Dv2015_Cross_Section_Locatians
Coal_Mining_Reporting_Area_CON29M
E Cheshire_Brine_Consultation_Area
625k_V5_FAULT_Geology_Lines
FEATURE_D

—— - Fault at rockhead

PENNINE UPPER COAL MEASURES FORMATION - MUDSTONE, SILTSTONE, SANDSTONE, COAL, IRONSTONE AND FERRICRE
PENNINE MIDDLE COAL MEASURES FORMATION AND SQUTH WALES MIDDLE COAL MEASURES FORMATION (UNDIFFERENTIA
WARWICKSHIRE GROUP - MUDSTONE, SILTSTONE, SANDSTONE, COAL, IRONSTONE AND FERRICRETE
WARWICKSHIRE GROUP - SILTSTONE AND SANDSTONE WITH SUBORDINATE MUDSTONE

- PENNINE LOWER COAL MEASURES FORMATION AND SOUTH WALES LOWER COAL MEASURES FORMATION (UNDIFFERENTIATE
MILLSTONE GRIT GROUP [SEE ALSO MIGR] - MUDSTONE, SILTSTONE AND SANDSTONE

F M oT =S T OTMTOTOT o= -

Figure A6.6 Hypothetical location of CBM extraction in the West Midlands with geology

and LFV sections in the region. T indicates the approximate location for the hydrocarbon
source unit.

140



OR/18/12

W UK_Reg8_Sec147

Depth (km)

DINA

W UK_Reg8_Sec161 E

o

MMG

|| ss6

Depth (km)

=

EN

-3.7

ORD

35km

Figure A6.7 LFV sections with the case study site in the West Midlands f@BM along
strike of 6T6. The hydrocarbon source uni-t
Formation (PMCM). SeeTable A6.1 for units described by codes, WEN is Wenlock rocks

and ORD is Ordivician rocks. The near horizontal black line indicates 100én bgl, the
shallowest level allowed for shale gas exploitation in England and Wales.
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Model Unit

Age

Description

Sherwood Sandstone Grouy,
(SSG)

Appleby Group (APY)

Warwickshire Group
(WWAK)

Millstone Grit Group (MG)

Triassic

Permian

Carboniferous

Carboniferous

Comprises the Helsby Sandstone Formation
(sandstone, slightly or well cemented), Wilmslow
Sandstone Formation (sandstone, slightly
cemented), ChestdPebble Beds Formation
(sandstone with pebbles, moderately cemented)
Kinnerton Sandstone Formation (sandstone,
slightly cemented)

Comprises Collyhurst Sandstone Formation
(coarsegrained sandstone)

Mottled mudstone with common beds of
sandstone, and Etruria Marl Formation (fine
grained mudstone)

Sandstone with mudstone common throughout.

Table A6.2 Rock units present in the hypothetical West Midlands AOI. Descriptions are
from the sheetmemoir, colours correspond with those used in theFV sections(Figure
A6.7) and the AOI conceptual model Figure A6.8). * indicates the hydrocarbon source

unit.
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——  Borehole [ Mercia Mudstene Group B warwickshire Group
; Upper most coal unit |:| Sherwood Sandstone Group - Pennine Coal Measures Group
/7 Inferred fault - Cumbrian Coastal Group l:' Millstone Grit Group
’

- Appleby Group

Figure A6.8 Conceptual model of the AOI for the hypothetical CBM site in the West
Midlands. The hydrocarbon source unit is the Pennine Coal Measas Group.
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Figure A6.9 Receptor classifications for units within the conceptual model of the AOI in the
West Midlands.
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Figure A6.10 Conceptual model for the AOI in the West Midlands of England for CBM
from the Pennine Coal Measures Group. Top to bottom; potential receptor classifications,
intrinsic vulnerability scores, specific vulnerability scores and risk group for each potential
receptor. Intrinsic vulnerability scores are provided for the north, centre and south of the
AOI. The risk group is only shown for the centre. Se@able A6.2 for unit code translations.
The confidence for this assessment is loBoundaries used for intrinsic and specific
vulnerability and risk groups are used forpreliminary purposes
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Summ
|

ary for Case Study 2 Coal bed methane, West NMilands

In the AOI the Sherwood Sdstone and the Appleby Group (Collyhurst Sandstone) have been
downgraded from potenti al receptor class O0Ab
evidence of water chemistry. Evidence suggests that this would not be appropriate west of the fault.
The salinity of groundwater north of the easst trending fault is not known; therefore potential
receptors have not been downgraded here either. More information is needed to be certain of these
classificationsIntrinsic vulnerability scores are rebaily high for all of the potential receptors,
ranging from 85 to 44.Eesulting from the limited vertical separation between the Pennine Middle
Coal Measures Forniah and the potential receptofhe depth of the Coal Measures varies from

500 m below OD in the north to 1000 m below OD in the south, resulting in an intrinsic
vulnerability score difference of up to 5 for the units furthest from the hydrocarbon source unit.
However, this does not chge the intrinsic vulnerability categories for the potential receptors with
thesepreliminaryboundaries.

The specific vulnerability scores for the potential receptors are lower (178 to 340) as a result of the
assumed relatively low hazard nature of CBdlivaties, despite an assumed head gradient from

the source to the potential receptors.

The risk group, for the potenti al receptors
Appleby Group to the north and west) is medium/low but where theseanaidowngraded to
potenti al receptor class 06B6, they are in th

potential receptor classification.

The difference in hydrocarbon source unit depth of 500 m does not change the risk group of the
units bu does change the specific vulnerability scores. The assessment would improve from a
greater understanding of the head distribution and groundwater flow paths and from further
identification of faults and fault behaviour in the region, in addition to staleding the geological
variability. It should be noted that The National Methane Baseline Survey (Bell et al., 2015) did
not observe areas of high naturally occurring methane concentrations in aquifers in the region.
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CASE STUDY 3: COAL BED METHANE, EAST MI DLANDS

Hydrocarbon source and extraction method

PennineCoal Measure&roup for CBM, Nottinghamshire with 2 km lateral wel#ggUreA6.11). Here,
the PennineCoal MeasuresGroup comprises the Pennine Lowand Middle Coal Measure
Formations The top of the hydrocarbon source unit is identified as the uppermost point in the Pe
Coal Measurem which coal seams begin to increase in prevalence within the succession.

AOI

Extending taa distance2 km from lateral borehole

Geological setting

East Midlands region of the Carbonifereaged Pennine Basin, which stretches from the Midland
the Scottish Border (T iRigureA6.11, middle of the cross sections kigureA6.12). The region has
history of conventional oil and gas extraction and coal mining and has been extensively explor
boreholes and seismic surveys.

Carbaniferous and older rocks become deeper eastwards from the Pennines where they are
surface, towards the North Sea where they are overlain by post Carboniferous rocks which als
the east.

Coal Measureare thicker in the west than the eastl(@00 m compared with ~200 m in some place
the east). The maximum depth of tl@oal Measurefrom east to west is quite constant (~ 700 n
however the unit deepens slightly to the northeast, reaching 900 m below OD. The AOI is lodate
to the eastof the outcrop of the Pennin€oal MeasureSroup FigureA6.11).

Below theCoal Measuregre the Craven Groupnd Millstone Grit Grougboth Carboniferousge)
which can reach thicknesses of 1400 m and 5Q@e@npectively, but are closer to 50 m in thickness
the east above the Eakring Anticlin€igureA6.12).

The Permian and younger rocks overlying @wal Measuredip gently to the east towards the Nort
Sea and retain relatively uniform thicknessefgy(reA6.12). The base of this sequence outcrops |
east of the line of section UK_Reg8 Sec143. The lowest unit in the succeasion {s 5 m thick) unit
of Permian Basal Breccia which overlies the Carboniferous age (athough it is not possible to s¢
this in the sections due to ithinnesy. Over most of the area the Zechstein Group overlies this ur
150 m thick), although it is thinner and sometimes absent in the south. Overlying this is the 1
SherwoodSandstone (~150 m in thickness). This is the second most important aquifer in the UK
east of the AOI the Sherwood Sandstone is overlain by the largely low permeability Mercia Mu
(~140 m thick).

Conceptual model

The conceptual geologicaladel for the AOI across (wesast) and down dip is shown FigureA6.13.
Because the AQOI is not close to any of lth&sections FigureA6.11), these wereonly used to gain ar|
understanding of the regional geology. More detailed information was obtained from three
boreholes within the AOFgureA6.11); one 4 km to the nortinorthwest, one 1.5 km to the southwe
and one 1.5 km to the northeasthegeneral geological sequence and unit descriptions are shov
TableA6.3.

The Pennine Middl€oal Measure§ormation and the Pennine Low&oal Measure§ormation are
combined in tlis analysis as the Pennir@oal MeasureS&roup. The upper units of th€oal Measurey
only have occasional coal beds. The frequency of recorded coal beds increases between ~
400m bgl indicating thelocation of the hydrocarbon source unit interval. Howevehere is no
conclusiveevidence fo a systematic variability in the deptbf increase coaloccurrenceacross the
AOI. Therefore, while a depth of 300 m to the top of the hydrocarbon source unit interval has
dASR Ay3dR8§5D068JOSLIidd t Y2 RS = depttoB300 Nan@ 400 A
were also tested.

The total thickness of th€oal Measuresaries between 700 m in the north and west, and 300 m ¢
of the centre of the AOI. The base of tGeal Measuress likely to have a maximum depth of ~ 900
andaminimum depth of 500 m, being shallower in the east and south.
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